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PREFACE 


United  States  representatives  to  the  Permanent  International  Committee  for  Research 
on  Preservation  of  Materials  In  the  Marine  Environment  were  asked  In  1969  If  It  would  be 
possible  for  the  United  States  to  host  the  Third  International  Congress  on  Marine  Corrosion 
and  Fouling.  Subsequent  official  Inquiry  showed  that  the  United  States  could  serve.  This 
position  was  confirmed  between  Monsieur  V.  Romanovsky,  Chairman  of  the  Permanent 
International  Coimnlttee,  and  Dr.  Robert  F.  Acker,  speaking  for  the  United  States'  repre- 
sentatlves.  The  National  Bureau  of  Standards  In  Gaithersburg,  Maryland,  was  selected  as 
the  meeting  site. 

An  Executive  Committee  was  named,  key  chairmen  were  appointed,  and  the  business  of 
organizing  the  essential  components  of  the  Congress  was  Initiated  late  In  1970.  A  series 
of  monthly  meetings  through  1971  and  1972  culminated  In  the  gathering  of  participants  and 
conduct  of  the  Congress  In  October  of  1972. 

The  fields  of  corrosion  and  marine  biology  are  known  to  overlap  significantly  In 
that  the  only  metals  resistant  to  colonization  by  marine  organisms  In  quiescent  sea  water 
are  those  which  corrode  and  produce  toxic  corrosion  products.  Measures  taken  to  prevent 
the  corrosion  (such  as  cathodic  protection)  cause  these  metals  to  foul,  and  a  common 
antlfoullng  measure  --  the  electrolytic  production  of  hypochlorous  acid  --  may  alter 
substantially  the  corrosive  character  of  sea  water.  As  Is  reported  In  several  papers  of 
the  Third  Congress,  marine  algae  may  penetrate  and  cause  deterioration  of  marine 
coatings  and  anaerobic  bacteria  may  alter  the  corrosion  behavior  of  steel  in  a  marine 
environment.  These  are  examples  of  the  complex  Interplay  between  biological  factors, 
corrosion,  and  the  measures  used  to  control  both  fouling  and  corrosion.  These  kinds  of 
Interactions  document  the  need  for  a  Congress  which  Included  coverage  from  the  sometimes 
disparate  disciplines  of  biology,  chemistry,  physics,  and  engineering. 

Several  policy  decisions  were  made  during  the  deliberations  of  the  Executive 
Committee  and  the  Program  Committee  which  are  reflected  In  the  format  and  the  content  of 
these  Proceedings.  First,  a  decision  was  made  to  address  problems  of  marine  biology  along 
with  the  problems  of  physical  corrosion,  as  described  above.  Second,  Investigators  were 
encouraged  to  submit  papers  dealing  with  both  fundamental  and  applied  kinds  of  research. 
Third,  the  manuscripts  were  prepared  In  a  format  ready  for  the  printer's  camera.  The 
photo-offset  method  of  printing  was  selected  In  order  to  speed  delivery  and  reduce  cost 
of  the  publication.  Finally,  discussions  which  followed  the  Individual  papers  were 
organized  In  two  different  ways.  One  type  of  discussion  Is  unabridged  In  this  volume  and 
shows  the  name  of  the  discussant  or  discussants.  The  other  form  Is  a  summary  of  more 
lengthy  discussion;  It  omits  namea  of  discussants  and  Is  condensed  from  tape  recordings 
and  notes. 

The  members  of  the  Executive  Committee  feel  that  their  efforts  in  planning  and 
organizing  the  Congress  have  been  amply  rewarded.  Knowledge  of  biological  and  physical 
processes  In  the  ocean  have  been  enhanced,  along  with  understanding  of  practical  problems 
and  solutions.  Most  Important,  ties  between  colleagues  throughout  the  world  have  been 
strengthened.  Through  sharing  of  Ideas,  through  discussion  of  common  concerns,  new  bonds 
of  friendship  have  been  formed. 
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WELCOMING  ADDRESS 
TO 

THIRD  INTERNATIONAL  CONGRESS  ON  MARINE  CORROSION  AND  FOULING 

John  D.  Hoffman 

Director,  Institute  for  Materials  Research 


It  is  a  pleasure  to  welcome  you  this  morning  to  the  Third 
International  Congress  on  Marine  Corrosion  and  Fouling.  This 
Congress  provides  a  forum  for  presenting  theoretical  and 
applied  information  on  the  technology  affecting  the  corrosion 
and  fouling  of  materials  in  the  sea.  Included  are  all  phases 
of  design,  development,  applied  engineering,  and  economics, 
which  may  influence  the  construction  and  operation  of  ships 
and  underwater  installations.  It  is  an  area  of  technology  that 
is  of  interest  to  numerous  scientific  and  technical  organizations 
as  evidenced  by  the  fact  that  this  forum  is  co-sponsored  by 
some  eight  different  government  agencies  with  the  active  support 
of  seven  different  private  professional  societies. 

We  at  NBS  are  particularly  pleased  to  be  the  host  of  a 
forum  that  is  truly  international  in  nature.  In  lookinq  through 
the  abstracts,  I  note  that  over  forty  of  the  papers  to  be 
presented  are  by  foreign  researchers.  There  are  22  different 
countries  represented  among  the  attendees . 

I  am  also  pleased  that  this  forum  will  cover  the  complete 
spectrum  of  research  on  marine  fouling  from  that  which  is  very 
basic  to  that  which  is  very  applied.  Your  main  concern,  of 
course,  is  with  materials  used  in  the  marine  environment. 

However,  the  data  and  information  that  will  be  presented  at 
this  meeting  could  have  great  impact  not  only  with  respect  to 
solving  problems  concerned  with  the  use  of  materials  in  the 
sea,  but  also  with  respect  to  the  use  of  materials  throughout 
society.  The  corrosion  and  fouling  of  materials  affects  all  of 
us.  We  did  an  issue  study  here  at  NBS  a  few  years  ago  which 
was  concerned  with  corrosion.  We  learned  that  corrosion  costs 
the  U.  S.  economy  more  than  10  billion  dollars  a  year  for 
consumer  products  alone.  We  have  all  heard  stories  of  disasters 
which  have  resulted  in  the  loss  of  life  when  structures  have 
failed  due  to  corrosion.  Our  most  notable  failure  analysis 
study  at  NBS  involved  the  analysis  of  the  collapse  of  the  Silver 
Bridge  over  the  Ohio  River  in  1967  in  which  46  people  lost  their 
lives.  It  was  found  that  stress-corrosion  cracking,  which 
resulted  in  a  brittle  fracture  in  an  eye-bar  of  the  bridge,  may 
have  been  the  cause  of  this  tragic  example  of  a  materials  failure. 

It  is  also  interesting  to  note  that  human  body  fluids  have 
similar  salt  content  as  the  sea.  The  preservation  of  metallic 
implant  materials  in  a  corrosive  environment  is  indeed  a  serious 
problem  that  is  not  unrelated  to  the  theme  of  this  forum. 

The  continuing  dialogue  provided  by  forums  such  as  these 
cannot  help  but  to  point  the  way  to  some  solutions  to  the  very 
complex  problems  involved  in  the  preservation  of  materials  and 
should  also  help  to  insure  the  safe  and  efficient  use  of 
materials  in  service  throughout  society. 

Once  again  welcome  to  you  all  and  have  a  good  meeting. 
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Monsieur  V.  Romanovskv 
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NAT  I  ON  AI.  BUREAU  Of’  STANDARDS  SPECIAL  PUBLICATION  ,  Proceedings  of  the 
3rd  International  Congress  on  Marine  Corrosion  and  Fouling,  Held  October 
2-6,  1072,  Gaithersburg,  Maryland  (Issued  ) 


Opening  Address 


V,  Romanovsky 

President,  Comit4  International  Permanent  pour 
la  Recherche  sur  la  Preservation  des 
Mat^riaux  en  Milieu  Marin 


II  m'est  extr£mement  agr^able  d'avoir  l'occasion  de  parler  devant 

vous . 


II  est  extrSmement  rare  qu'un  francais  soit  appel£  comme  President 
International  d'un  Congr&s  qui  se  tient  aux  Etats-Unis.  J'en  suis  trfcs 
fier  et  tres  honore. 


Je  ne  pensais  pas  en  1964  ,  lorsque ,  sans  aucun  moyen  materiel,  j'avais 
decide  d' organiser  le  ler  Congres  International  sur  la  Corrosion  Marine 
et  les  Salissures,  que  le  3£  Congrfts  aurait  lieu  A  Washington,  quc  mon 
initiative  et  mon  idee  de  l'epoque  auraient,  en  8  ans,  traverse  1 'Atlantique. 

Lorsqu'il  y  a  4  ans  nous  avons ,  dans  le  cadre  du  Comitd  International 
Permanent  pour  la  Recherche  sur  la  Preservation  des  Materiaux  en  Milieu 
Marin,  accepte  la  candidature  de  la  delegation  des  Etats-Unis  pour  que  ce 
Congr&s  ait  lieu  Ik  Washington,  nous  avons  pris  cette  decision  parce  qu'il 
est  normal  que  ce  Congres  traverse  1 'Atlantique ,  il  est  normal  que 
1 'organisation  de  ce  Congres  accueille  tous  ceux  qui,  pour  des  raisons 
budgltaires  ne  peuvent  malheureusement  pas  venir  nous  voir  en  Europe. 

Je  vois  que  1 ' assistance  ici  est  dejlk  trSs  nombreuse,  malgre  que 
beaucoup  de  congressistes  ne  soient  pas  encore  arrives. 


Je  suis  persuade  que  l'occasion  qui  nous  est  ainsi  offerte  de  faire 
ce  Congres  aux  Etats-Unis  sera  excellente,  car  elle  permettra  une  meilleure 
comprehension  entre  ce  que  l'on  fait  en  Europe  et  ce  que  l'on  fait  aux 
Etats-Unis . 


Apres  1“  Congres  de  Cannes,  le  CongrSs  suivant  a  eu  lieu  a  Athenes 
ct  c'est  notre  Ami  le  Professeur  SKOULIKIDIS  qui  a  bien  voulu  se  charger 
d'en  faire  1 'organisation. 


Je  ne  veux  pas  vous  entretenir  pendant  longtemps,  car  je  vois  que 
l'houre  tourne  et  que,  aprSs  l'interruption,  vous  avez  encore  beaucoup 
de  travail,  les  communications  commencant  tout  de  suite  aprSs  cette 
interruption . 


Je  voudrais  s implement  vous  remercier  au  nom  de  notre  Comit£,  appele  A 
promouvoir  1 'organisation  de  ces  Congres;  je  voudrais  done  exprimer  ma 
reconnaissance  d'etre  venus  si  nombreux  et  je  voudrais  souhaiter  un  plein 
succes  a  ces  travaux.  Je  voudrais  egalement,  avant  de  terminer,  remercier 
les  organisateurs .  D<fja  la  semaine  dernifere  pendant  laquelle  nous  avons 
eu  des  reunions  de  notre  Comite  International  Permanent,  nous  avons  pu 
apprecier  la  qualite  de  1 'organisation ,  la  gentillesse  des  organisateurs, 
les  attentions  delicatcs  dont  ces  organisateurs  nous  ont  entour£  et  je 
suis  persuade,  qu'ici,  vous  allez  Egalement  apprecier  cette  gentillesse 
et  cette  competence.  Lorsqu'S  la  fin  de  ce  Congr&s,  j'aurai  l'occasion  de 
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venir  devant  vous  pour  quelques  instants,  prononcer  quelques  mots  pour 
faire  une  sorts  de  synthise  rapids  at  que  j 'aurai  l'occasion  d* exposer 
les  rdsultats,  je  ne  pourrai  certainement  pas  tarir  d'<loges  vis-a-vis 
des  organisateurs . 
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The  inter-relationship  between  corrosion  and  fouling  has  a  characteristic 
consonly  encountered  in  other  corrosion  phenomena.  This  is  that  anyone 
dealing  with  this  matter  can  expect  to  encounter  many  contradictions  and 
instances  of  apparently  anomalous  behavior. 

For  example,  macro-fouling  organisms  can  protect  metals  from  corrosion 
under  some  circumstances  while  they  con  promote  severe  attack  under  similar 
circumstances.  Similarly,  bacterial  slimes  which  are  important  in  the 
early  stages  of  macro-fouling  which  may  be  harmful  to  some  metals,  can 
exert  a  protective  effect  on  other  metals  as  a  shield  against  effects  of 
turbulence.  Certain  metal  ions  released  by  corrosion  will  prevent 
attachment  of  fouling  organisms  while  others  con  inhibit  the  desired 
effects  of  anti-fouling  coatings.  Toxic  ions  incorporated  in  coatings 
applied  to  prevent  fouling  can  cause  destructive  corrosion  of  the  under¬ 
lying  metal. 

This  paper  will  review  the  background  of  what  has  been  mentioned  and 
present  some  illustrative  data. 

It  is  easy  to  understand  that  a  heavy  accumulation  of  fouling  organisms 
which  can  become  several  inches  thick  can  suppress  a  corrosion  reaction 
controlled  by  access  of  oxygen  to  cathodic  surfaces.  Such  accumulations 
will  also  eliminate  the  corrosion  accelerating  effect  of  high  flow  velocities 
by  reducing  the  velocity  to  practically  zero  at  the  interface  with  the  metal 
at  the  base  of  the  fouling,  even  though  the  velocity  of  flow  at  the  outer 
edge  of  the  fouling  may  be  very  high. 

This  was  illustrated  by  experience  with  the  sea  water  intake  piping 
at  the  former  Ethyl-Dow  bromine  extraction  plant  at  Kure  Beach,  North 
Carolina. 

Here,  sea  water  was  pumped  into  the  plant  reservoir  pond  thru  ordinary 
steel  pipes  about  six  feet  in  diameter.  When  the  pumps  were  running  the 
velocity  of  flow  thru  the  pipes  was  about  eight  feet  per  second  (2.4  m  per 
sec.).  Test  of  the  effect  of  velocity  of  flow  on  corrosion  of  steel  by  sea 
water  in  the  absence  of  attached  fouling  organisms  indicate  a  rate  of 
corrosion  of  steel  of  about  0.02S  inch  (0.06  cm)  per  year.  However, 
inspection  of  these  steel  pipes  after  service  for  ten  years  showed  a  rate 
of  thinning  less  than  0.005  inches  (0.013  cm)  per  year.  This  is  the  rate 
commonly  observed  on  steel  specimens  immersed  in  quiet  sea  water  in  the 
presence  of  fouling  organisms.  The  effect  of  the  accumulation  of  fouling 
on  the  surfaces  of  the  steel  pipes  completely  eliminated  the  effect  of  the 
velocity  of  flow  thru  the  pipes. 

Incidentally,  it  was  noted  that  the  manually  arc  welded  joints  made 
in  the  field  on  these  steel  pipes  showed  no  evidence  of  accelerated  attack 
on  either  the  weld  beads  themselves  or  in  the  adjacent  heat  affected  zones. 
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NS  The  cathodic  reaction  in  the  corrosion  of  steel  under  heavy  marine 

jji  growths,  which  create  an  anaerobic  condition,  is  evidently  supported 

'I  by  sulfate  reducing  bacteria  (spiro  vibro  desulfuricans).  Several  years 
I  ago,  Dr.  R.  L.  Starkey  of  Rutgers  University,  took  cultures  from  beneath 
corrosion  products  on  heavily  fouled  steel  specimens  immediately  after 
they  had  been  taken  from  clean  unpolluted  sea  water.  He  found  a  very 
large  population  of  these  sulfate  reducing  bacteria  on  the  steel  surfaces 
which  were  corroding  at  a  rate  of  about  0.005  in.  (0.013  cm)  per  year. 

.  From  this  it  can  be  concluded  that  these  bacteria  can  account  for  what  is 
considered  to  be  the  normal  rate  of  corrosion  of  steel  in  sea  water  under 
i  anaerobic  conditions.  Bacteriologists  should  not  be  tempted  to  conclude 
that  when  they  find  such  anaerobic  bacteria,  an  abnormally  high  rate  of 
corrosion  of  steel  should  be  expected  or  should  be  attributed  to  the 
presence  of  these  bacteria. 

Cultu^s  from  corrosion  products  on  other  metals  disclosed  that 
alloys  that  released  copper  ions  in  corrosion  products  didn’t  show  high 
populations  of  sulfate  reducing  bacteria  which,  evidently,  are  suppressed 
by  copper  ions . 

1  However,  sulfur  compounds  and  particularly  hydrogen  sulfide  released 

by  sulfate  reducing  bacteria  can  have  a  severely  accelerating  effect  on 
corrosion  of  copper  base  alloys  as  observed  frequently  when  these  alloys 
are  exposed  to  polluted  sea  water.  The  sulfide  corrosion  product  films 
which  replace  the  more  usual  basic  carbonate  films  are  quite  cathodic 
to  the  underlying  metal  and  are  likely  to  promote  severe  pitting  at  the 
inevitable  discontinuities  in  such  films.  Continuous  sulfide  films  provide 
protection  against  impingement  attack  which  becomes  less  important  than 
pitting  in  limiting  the  life  of  brass  condenser  tubes  handling  sulfide 
polluted  water. 

Other  types  of  bacteria  encountered  in  polluted  waters  lead  to  the 
formation  of  ammoniacal  compounds  which  accelerate  corrosion  of  copper 
j  alloys  and  can  lead  to  stress  corrosion  cracking  when  present  in  the  vapor 
phase,  especially  when  the  ammonia  becomes  concentrated  in  accumulations  of 
non-condensible  gases. 

The  iron  modified  10%  and  30%  cupro  nickel  alloys  have  been  found  to 
be  superior  to  other  copper  base  alloys  in  tolerating  the  presence  of 
I  hydrogen  sulfide  and  ammonia  produced  by  bacteria  under  anaerobic  conditions 
-  and  in  polluted  waters. 

In  the  presence  of  excessive  amounts  of  either  hydrogen  sulfide  or 
[  ammonia ,  or  both,  as  encountered  in  abnormally  polluted  waters,  e.g.  in 

Havana  Harbor  and  at  New  Haven,  Connecticut,  no  copper  base  alloy  is  likely 
|  to  be  reliable.  It  will  be  necessary  to  go  to  ferrous  or  nickel  base 
alloys  containing  high  percentages  of  chromium  and  molybdenum  or  to 
titanium.  These  materials  are  not  adversely  affected  by  even  high 
concentrations  of  hydrogen  sulfide  or  ammonia  in  sea  water. 

While,  as  described  in  the  case  of  the  steel  pipes,  heavy  marine 
growths  protected  the  steel  from  the  corrosion  accelerating  effect  of  a  high 
flow  velocity,  fouling  organisms  can  accelerate  attack  on  some  alloys  by 
creating  local  shielding  of  the  metal  surface,,  from  the  access  of  oxygen 
required  to  preserve  passivity.  This  effect  is  illustrated  by  Figure  1, 
showing  localized  attack  of  an  otherwise  passive  metal  in  the  shape  of  the 
base  of  the  barnacle  under  which  the  attack  took  place. 

Such  attack  under  marine  organisms  is  commonly  encountered  on  stainless 
steels  with  the  straight  chromium  alloys  such  as  AISI  grade  410  being  most 
susceptible  and  grade  317  being  least  susceptible  among  the  common  commercial 
grades.  The  more  highly  special  alloys  represented  by  Incoloy  alloy 
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825*  and  Carpenter  20  cb*  are  superior  to  the  317  grade  while  the  nickel 
base  chromium  molybdenum  alloys  Inconel  625*  and  Haste Hoy  C*  and  titanium 
are  substantially  free  from  attack  under  barnacles  and  other  marine  organisms. 

Observations  of  attack  of  stainless  steels  under  barnacles  have  shown 
that  practically  all  the  instances  of  attack  occurred  under  dead  barnacles 
with  very  few  cases  of  similar  attack  under  living  organisms  present  on 
the  same  test  panels.  Evidently  side  effects  of  the  bacterial  and  other 
products  of  deterioration  of  the  macro-organisms  play  an  important  role  in 
destroying  passivity  under  the  organisms. 

The  bad  effects  of  fouling  in  promoting  localized  attack  of  stainless 
steels  as  compared  with  the  good  performance  of  duplicate  specimens  of  the 
same  steels  in  the  absence  of  such  organisms  were  demonstrated  by  some 
tests  carried  out  at  the  Freeport,  Texas,  plant  of  the  Dow  Chemical  Company. 

One  set  of  specimens  was  exposed  in  the  sea  water  intake  basin  under 
conditions  of  low  velocity  flow  which  permitted  the  attachment  of  barnacles 
and  other  marine  growths  on  the  metal  surfaces.  A  duplicate  set  was 
exposed  in  a  flume  thru  which  sea  water  was  pumped  from  the  basin  at  a 
velocity  of  about  five  feet  (1.5  m)  per  second.  This  velocity  plus  treatment 
of  the  water  with  about  0.5  ppm  of  chlorine  prevented  any  attachment  of 
marine  organisms.  Under  these  conditions  in  the  flume  stainless  steel 
specimens  were  able  to  retain  their  passivity  and  remained  free  from  attack. 
Duplicate  specimens  exposed  in  the  intake  basin  suffered  severe  localized 
attack  under  attached  organisms,  as  shown  by  Figure  2. 

There  is  very  little  evidence  of  any  direct  effect  of  macro-organisms 
on  corrosion  of  metals  in  sea  water.  The  nearest  approach  to  this  was 
a  peculiar  association  of  sea  urchins  with  attack  on  steel  piling  used  to 
support  an  off  shore  oil  drilling  pier  near  Santa  Barbara,  California. 

Steel  piling  had  suffered  such  intensive  erosion  by  suspended  sand 
in  the  breaker  zone  that  it  had  to  be  replaced.  When  the  eroded  piling 
was  removed  it  was  found  that  the  submerged  surfaces  had  accumulated  a 
large  number  of  sea  u  'chins,  each  of  which  occupied  a  hemispherical  cavity 
of  approximate  size  as  shown  by  Figure  3. 

There  were  suggestions  that  the  cavities  were  the  result  of  the  action 
of  some  corrosive  substance  secreted  by  the  sea  urchins.  It  seems  more 
likely  that  movement  of  the  sea  urchins  where  they  rested  on  the  steel 
surfaces  prevented  the  steel  from  developing  protective  corrosion  products 
so  that  while  the  sea  urchins  were  active,  the  steel  corroded  at  the 
relatively  high  rate  characteristic  of  the.  early  stages  of  corrosion  of 
steel  in  sea  water. 

Macro-organisms  and  particularly  barnacles  can  penetrate  and  destroy 
soft  coatings  such  as  coal  tar  enamels,  as  shown  by  Figure  4.  They  can  also 
lift  protective  wrappings  by  working  under  the  edges  of  laps,  as  shown 
by  Figure  5.  Certain  species  of  teredo  have  been  found  to  penetrate 
coatings  and  burrowing  clams  (martesia)  are  able  to  penetrate  plastics  and 
even  some  grades  of  concrete. 

Some  studies  were  made  to  determine  the  efficacy  of  different 
continuous  and  intermittent  treatments  of  sea  water  witli  chlorine  to  prevent 
the  growth  of  fouling  organisms  and  bacterial  slimes.  The  test  set  up 
included  specimens  in  the  form  of  pipes  arranged  as  a  sort  of  telescope 
which  permitted  observations  of  the  combined  effects  of  chlorine  and  velocity 
on  the  corrosion  of  the  pipe  materials. 


*  Trade  marked  alloys 
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So  far  as  the  effect  of  chlorine  on  the  organisms  was  concerned  it 
was  found  that  a  continuous  addition  of  chlorine  so  as  to  leave  a  residual 
of  from  0.2S  to  O.S  ppm,  as  measured  with  orthotoledene,  was  more  effective 
than  intermittent  additions  of  higher  concentrations. 

So  far  as  the  effect  on  corrosion  of  steel  was  concerned,  as  shown  by 
Figure  6,  there  appeared  to  be  no  direct  effect  of  the  chlorine  additions 
as  shown  by  the  results  of  tests  at  zero  velocity.  The  principal  effect 
appeared  to  be  the  result  of  the  action  of  the  chlorine  in  preventing 
attachment  of  protective  slimes  to  the  steel  surfaces  so  that  the  corrosion 
accelerating  effects  of  the  higher  rates  of  water  flow  could  be  demonstrated. 

In  the  case  of  copper  base  alloys,  the  results  covered  by  Figure  7, 
showed  that  chlorine  additions  capable  of  preventing  the  growth  of  slimes 
and  fouling  organisms  would  not  be  expected  to  have  a  significant  effect 
in  accelerating  corrosion  of  these  alloys. 

Incidentally,  exposure  of  specimens  of  pine  wood  to  the  chlorinated 
sea  water  showed  that  addition  from  0.25  to  0.5  ppm  of  chlorine  would 
serve  to  protect  the  wood  from  attack  by  teredo  and  other  wood  boring 
organisms . 

Another  series  of  tests  showed  that  intermittent  heating  of  sea 
water,  e.g.  to  100  to  110  degrees  F.  (40  to  45  degrees  C)  for  thirty 
minutes  each  week  was  sufficient  to  prevent  the  growth  of  fouling  marine 
organisms  and  wood  borers. 

Such  intermittent  heating  had  no  significant  effect  on  corrosion  of 
metals . 

It  is  well  known  that  copper  and  a  few  copper  alloys  are  able  to 
release  a  sufficient  concentration  of  copper  ions  in  corrosion  products 
to  suppress  the  attachment  of  fouling  organisms.  This  was  the  basis  of 
the  use  of  copper  to  sheath  the  hulls  of  wooden  sailing  vessels.  Metal 
sheathing  was  replaced  by  the  use  of  organic  coatings  loaded  with  sparingly 
soluble  copper  flakes  or  powders  and,  more  commonly,  cuprous  oxide.  More 
recently  organic  tin  and  lead  compounds  such  as  tributyl  tin  have  been 
found  to  be  effective  pigments  in  anti-fouling  coatings. 

As  is  the  case  with  the  rate  of  release  of  copper  from  anti-fouling 
coatings,  where  the  critical  rate  is  about  10  micrograms  per  sq.  cm.  per  day, 
there  appears  to  be  a  critical  rate  of  release  of  copper  in  corrosion 
products  which  must  be  exceeded  if  the  attachment  and  growth  of  fouling 
organisms  is  to  be  suppressed. 

An  early  indication  of  the  existence  of  such  a  critical  rate  of 
corrosion  was  provided  by  experience  with  specimens  of  bare  copper  which 
were  in  galvanic  contact  with  specimens  of  steel  having  exposed  areas 
covering  a  range  relative  to  the  area  of  the  copper  to  which  they  were 
attached. 

When  the  area  of  the  associated  steel  was  large  enough  to  give  the 
copper  sufficient  galvanic  protection  to  reduce  its  rate  of  corrosion  below 
the  critical  rate,  the  copper  lost  its  anti-fouling  properties.  These 
rather  crude  experiments  indicated  that  the  critical  rate  of  release  of 
copper  in  corrosion  products  was  of  the  order  of  5  mg  per  sq.  dm.  per  24 
hours.  This  would  be  equivalent  to  a  rate  of  thinning  of  copper  slightly 
less  than  0.001  in. (0.0025  cm)  per  year. 

This  critical  rate  was  confirmed  somewhat  more  precisely  by  tests  of 
a  number  of  copper  alloys  carried  out  by  C.  L.  Bulow  and  reported  in 
reference  1.  An  earlier  study  by  F.  L.  La  Que  and  W.  F.  Clapp  made  use  of 
a  series  of  alloys  of  copper  with  nickel,  ranging  from  pure  copper  to  pure 
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nickel  thru  a  number  of  steps. 


Seteral  seta  of  these  specimens  were  exposed  simultaneously.  They 
were  inspected  each  day  until  there  was  visible  evidence  of  fouling  on  the 
alloys  at  the  high  nickel  end  of  the  series.  At  that  time  a  complete  set 
of  specimens  was  removed  for  weight  loss  determinations  to  measure  corrosion 
rates. 

Observations  of  fouling  were  continued  until  fouling  occurred  on  the 
alloy  having  the  next  highest  nickel  content  and  so  on  until  fouling  was 
observed  towards  the  higher  copper  end  of  the  series. 

This  procedure  yielded  data  from  which  the  weight  loss  vs.  time  curves 
shown  in  Figure  8  could  be  constructed.  By  combining  the  rates  of  release 
of  copper  in  corrosion-  products  as  indicated  by  the  slopes  of  the  weight 
loss  vs.  time  curves  with  observations  of  fouling  it  was  possible  to 
confirm  the  indications  that  the  critical  rate  of  release  of  copper 
required  for  a  copper  alloy  to  be  anti-fouling  was  about  5  mg  per  sq.  dm. 
per  day.  This  was  illustrated  further  by  the  data  in  Table  1. 

It  is,  of  course,  important  to  note  that  the  apparently  critical  rate 
of  release  of  copper  as  calculated  from  weight  loss  determinations  applies 
only  to  alloys  that  corrode  substantially  uniformly  over  the  whole  surface. 

If  attack  is  localized,  as  is  often  the  ease  with  bronzes  containing  sub¬ 
stantial  amounts  of  aluminum  and  iron,  there  will  be  large  unattacked 
areas  surrounding  large  or  small  islands  of  localized  attack.  Fouling 
will  occur  on  the  uncorroded  surfaces. 

If  alloys  that  are  normally  anti-fouling  are  in  glavanic  contact  with 
sufficiently  large  areas  of  less  noble  metals  so  as  galvanically  to  reduce 
the  rate  of  corrosion  of  the  normally  anti-fouling  alloys  below  the  critical 
rate,  they  will,  of  course,  become  fouled. 

For  some  difficult  to  establish  reason  the  critical  rate  of  release 
of  copper  from  corroding  metallic  surfaces  is  about  five  times  greater 
than  the  critical  leaching  rate  of  copper  from  anti-fouling  paints. 

The  copper  nickel  alloys  are  particularly  interesting  with  respect  to 
their  anti-fouling  properties.  Exposure  of  a  series  of  these  alloys 
containing  only  nickel  and  copper  indicated  that  the  dividing  line  between 
the  alloys  that  fouled  and  those  that  did  not  was  around  45%  nickel. 

However,  in  order  to  give  commercial  alloys  the  desired  high  level  of 
resistance  to  erosion  and  impingement  attack  by  sea  water  moving  at  high 
velocity,  as  in  condenser  tubes  and  salt  water  piping,  it  is  necessary  to 
supplement  the  presence  of  nickel  by  the  addition  of  an  appropriate  amount 
of  iron,  e.g.  about  0.41  in  the  30%  nickel  alley,  and  1.2%  in  the  10% 
nickel  alloy.  From  the  standpoint  of  resistance  to  fouling  the  effect  of 
the  iron  addition  to  the  30%  nickel  alloy  is  to  make  it  act  like  a  45% 
nickel  alloy  so  that  it  is  no  longer  completely  resistant  to  fouling. 

However,  the  addition  of  1.2%  iron  to  the  10%  nickel  alloy  does  not 
affect  its  anti-fouling  properties.  Thus,  this  alloy  has  the  unique  ability 
to  withstand  attack  by  sea  water  moving  at  high  velocity  while  being  able 
to  corrode  in  quiet  sea  water  at  an  acceptably  low  rate,  still  above  the 
critical  one  required  to  prevent  fouling.  This  characteristic  is  illustrated 
by  Figures  9A  and  0B. 

Commercial  advantage  is  being  taken  of  this  property  of  the  90:10 
cupro  nickel  thru  its  use  for  the  hull  of  a  shrimp  fishing  boat  shown  in 
Figure  10.  Thin  boat  has  been  in  service  for  more  than  a  year  and  has 
remained  free  from  fouling.  The  absence  of  fouling  organisms  has  resulted 
in  significant  improvements  in  fuel  consumption  and  speed  as  compared  with 
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sister  ships  with  painted  steel  hulls,  and  put  into  service  at  the  same 
time  and  on  which  there  have  been  heavy  accumulations  of  fouling  organisms. 

Reference  was  made  previously  to  interactions  between  metals  and  anti¬ 
fouling  coatings.  It  has  been  shown  that  not  only  can  copper  leached  from 
anti-fouling  paint  accelerate  corrosion  of  steel  exposed  at  bare  spots 
in  the  coating,  but  corrosion  products  of  steel  can  inactivate  an  anti¬ 
fouling  paint. 

When  steel  is  exposed  at  a  bare  spot  in  a  coating  system  which  includes 
a  top  layer  containing  either  metallic  copper  or  cuprous  oxide,  there  can 
be  serious  galvanic  acceleration  of  the  corrosion  of  the  exposed  steel. 

This  is  most  likely  to  occur  if  the  metallic  copper  loading  of  an 
anti-fouling  paint  is  sufficiently  high  to  achieve  sufficient  contact  between 
the  copper  particles  to  make  the  coating  electrically  conductive. 

In  the  case  of  anti-fouling  coatings  based  on  cuprous  oxide  the  danger 
of  attack  at  bare  spots  is  minimized  by  using  a  good  non-conductive  anti¬ 
corrosive  layer  beneath  the  anti-fouling  layer.  This  insulates  the  steel 
from  the  copper  compounds  in  the  top  layer,  and  prevents  cementation  of 
copper  onto  the  underlying  steel  which  then  could  become  an  active  cathode 
accelerating  attack  of  steel  at  bare  spots .  The  depth  of  attack  at  such 
bare  spots  increases  as  the  ratio  of  the  area  of  the  coated  surface  to  the 
area  of  the  bare  spot  increases. 

The  danger  of  accelerated  attack  at  bare  spots  in  cuprous  anti-fouling 
coatings  is  even  greater  with  aluminum  than  with  steel.  Mercury  compounds 
sometimes  used  along  with  copper  in  anti-fouling  coatings  can  be  expected 
to  be  particularly  damaging  to  aluminum  and  should  be  avoided  with  this 
metal.  The  preferred  anti-fouling  coatings  for  aluminum  are  those  based 
on  organic  tin  compounds. 

Anti-fouling  coatings  based  on  copper  and  copper  compounds  can  become 
inactivated  by  contact  with  sufficiently  large  areas  of  bare  steel,  zinc 
or  magnesium.  The  effect  is  most  pronounced  with  coatings  based  on  metallic 
copper  but  has  been  observed  also  with  cuprous  oxide  paints  applied  over 
an  inadequate  anti-corrosive  layer. 

In  addition  to  the  presumed  galvanic  inactivation  of  an  anti-fouling 
paint  there  is  also  an  inactivation  effect  of  iron  corrosion  products. 

This  was  demonstrated  by  tests  with  steel  specimens  having  a  large  bare 
spot  in  an  anti-fouling  coating.  These  specimens  were  exposed  in  a  channel 
thru  which  sea  water  flowed  in  only  one  direction.  # 

Inactivation  of  the  anti-fouling  coating  occurred  only  downstream  of 
the  bare  spot  source  of  iron  corrosion  products. 

The  examples  cited  from  these  early  investigations  illustrate  the 
complexity  of  inter-related  corrosion  and  fouling  phenomena  which,  no 
doubt,  will  be  demonstrated  even  further  by  the  several  other  and  more 
up  to  date  contributions  to  this  conference,  which  can  be  expected  to  throw 
much  needed  further  light  on  the  mechanisms  involved. 
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Figure  1.  Attack  under 
barnacles  on  stainless 
steel  specimen . 


Figure  2.  Effect  of 
water  velocity  on 
localized  attack  of 
type  316  stainless 
steel. 
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Figure  7. 


Figure  8 .  Weight  Loss 
vs.  time  curves  for 
copper  nickel  alloys 
in  sea  water. 


Figure  9A.  Fouling  of 
range  of  copper  nickel  alloys. 


Figure  9B.  Comparison 
of  fouling  of  different 
alloys . 
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Figure  10.  Shrimp  fishing 
boat  fabricated  from  anti¬ 
fouling  90:10  copper  nickel 
alloy. 


Table  1 

Relationship  Between  Corrosion  Rates  and  Fouling  of 
Nickel  Copper  Alloys  During  Last  Sixty-Two  Days 
of  Seventy-Eight  Days  Exposure  in  Sea  Water 
at  Kure  Beach,  N.  C. 


Calculated  Cu  Content 
Weight  Loss  in  of  Corrosion  Products 


Alloy 

mg. /sq.dm. /day 

in  mg. /sq. /dm. /day 

Fouling 

Remarks 

Copper 

23 

23 

None 

Uniform  attack 

20%  Ni, 

80% 

Cu 

8.8 

7 

H 

n  w 

30%  Ni, 

70% 

Cu 

6.5 

4.5 

Incipient 

it  n 

40%  Ni, 

60% 

Cu 

9.3 

5.6 

Irregular 

Fouling  occurred 
on  unattacked 
surfaces 

50%  Ni, 

50% 

Cu 

17 

8.5 

Irregular 

Corrosion  highly 
localized,  fouling 
in  unattacked 
areas 

60%  Ni, 

40% 

Cu 

7.2 

2.9 

Yes 

Localized  attack 

70%  Ni, 

30% 

Cu 

9.3 

2.8 

r» 

II  If 

60%  Ni, 

20% 

Cu 

9.7 

1.9 

»t 

II  II 

90%  Ni, 

10% 

Cu 

10 

1.0 

it 

II  It 
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A  STUDY  ON  THE  IMPORTANCE  OF  THE  SHIP'S  HULL  CONDITION 
An  approach  to  improving  the  economy  of  shipping 

A.M.  van  Londen 

HEMPEL’S  MARINE  PAINTS 

Lundtoftevej  150 

DK-2800  Lyngby,  Denmark 

In  the  course  of  the  last  century  the  design  of  ships' 
hulls  has  become  a  technical  science,  and  shipowners  in¬ 
vest  considerably  in  securing  the  most  economic  design. 
Surprisingly,  a  factor  of  even  greater  economic  import¬ 
ance  than  the  shape  of  thf  hull  has  up  to  now  been  neg¬ 
lected:  the  surface  roughness  of  the  underwater  hull. The 
total  resistance  of  a  moving  ship  consists  of  residual 
resistance  and  frictional  resistance.  For  most  ships  the 
frictional  resistance  is  by  far  the  more  important  part, 
viz.  70-80  percent  of  the  total  resistance.  The  fric¬ 
tional  resistance  is  strongly  affected  by  the  surface 
roughness,  not  only  by  the  macro-roughness,  but  also  by 
the  micro-roughness.  The  effect  of  the  surface  roughness 
on  the  flow  pattern  along  the  ship  is  discussed,  and  also 
its  effect  on  the  transport  process  perpendicular  to  the 
ship's  hull.  This  transport  process  determines  the  effec¬ 
tive  life  of  an  antifouling  paint.  Most  of  the  poison  in 
antifouling  paints  is  released  during  the  sailing  period 
of  a  ship  when  there  is  no  need  for  this  release.  Assum¬ 
ing  that  the  flow  along  a  ship  could  be  altered,  then  it 
should  not  only  be  possible  to  reduce  the  drag,  but  also 
to  extend  the  effective  life  of  antifouling  paints.  Cer¬ 
tain  soluble  polymers  are  known  to  have  friction  reduc¬ 
tion  properties.  This  phenomenon  is  explained  by  assuming 
that  such  pol-.iiers  thicken  the  laminar  sublayer.  The  use 
of  such  soluble  polymers  in  practice  is  restricted  by  the 
costs  involved.  A  new,  virtually  waterinsoluble ,  hydro¬ 
philic  acrylic  resin  is  claimed  to  have  drag  reducing 
properties.  These  properties  can  be  explained  by  a  thick¬ 
ening  or  stabilization  of  the  laminar  sublayer.  Adopting 
this  as  a  working  model,  laboratory  tests  by  means  of 
rotortests  have  been  carried  out  to  demonstrate  drag  re¬ 
duction  and  decrease  in  the  release  of  poison  from  anti¬ 
fouling  paints.  The  drag  reduction  found  is  rather  small, 
only  3,5  to  5  percent.  However,  the  effect  on  the  re¬ 
lease  of  poison  is  very  pronounced.  Further  two  experi¬ 
ments  made  in  towing  tank  laboratories  showed  a  positive 
effect  of  the  hydrophilic  coating.  However,  these  results 
cannot  be  extrapolated  to  actual  ships.  For  this  reason 
in  an  early  stage  of  the  research  work  some  practical  tests 
have  been  done  with  the  help  of  two  shipowners.  The  best 
practical  test  controlled  by  an  independent  ship  research 
institute  has  shown  a  positive  result  of  4  percent  on  fuel 
consumption.  Other  tests  have  been  less  successful.  The 
work  is  continuing,  and  this  is  certainly  justified  taking 
into  account  the  econimics  involved. 

Key  Words:  ship  resistance}  surface  roughness; 

drag  reducing  polymers;  HYDRON  (SH  antifouling 

efficacy. 
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1.  Introduction 


Ever  since  the  time  man  began  building  coats  and  ships  for  transportation 
on  rivers,  lakes,  and  seas,  special  attention  has  always  been  given  to  the 
underwater  part  of  the  hull.  This  attention  is  quite  understandable.  The 
submerged  body  of  the  vessel  must  be  completely  water-tight  and  must  be 
kept  in  a  good  condition  to  make  the  ship  a  safe  means  of  transport. 

Through  the  centuries  attention  has  been  concentrated  on  the  preservation 
of  the  ship's  hull  material.  Wooden  ships  have  to  be  protected  against 
penetration  of  water  and  wood-boring  organisms.  Steel  ships  need  a  pro¬ 
tection  against  corrosion.  Very  early  in  the  history  of  shipping  a  detri¬ 
mental  effect  on  the  manoeuvrability  and  speed  of  the  ships  was  observed 
caused  by  the  settlement  of  organisms  on  the  ships'  bottoms.  For  centuries 
the  only  remedy  was  removal  of  the  fouling  organisms  in  frequent  careening 
or  drydocking.  Later  on  copper  sheathing  came  into  use  on  wooden  ships, 
developing  into  poisonous  antifouling  paints,  which  on  steel  ships  are  used 
in  combination  with  anticorrosive  paints.  During  the  last  century  the  de¬ 
sign  of  the  ship's  hull  has  become  a  technical  science,  and  shipowners  in¬ 
vest  considerably  in  the  most  economic  design.  Also  the  investment  in  pro¬ 
tection  against  corrosion  and  fouling  has  increased.  However,  the  care  for 
the  underwater  part  of  the  ship's  hull  is  still  insufficient.  In  this  ar¬ 
ticle  the  theoretical  consideration  will  be  given  to  emphasize  this  point 
of  view.  Laboratory  and  practical  data  will  be  presented  in  order  to  prove 
the  technical  and  economical  importance  of  an  up-to-now  neglected  factor: 
the  surface  roughness  of  the  ship's  hull. 

2.  The  resistance  of  a  moving  ship 

The  total  resistance  of  a  moving  surface  vessel  is  the  sum  of  two  compo-  . 
nents,  viz.  the  frictional  resistance  and  the  residual  resistance  (1,  2,  3X1 
The  frictional  resistance  is  caused  by  tangential  stresses  due  to  the  drag 
of  the  water  moving  parallel  to  the  vessel's  surface.  This  frictional  re¬ 
sistance  is  a  function  of  the  Reynolds  number2  and  the  surface  condition  of 
the  hull.  The  residual  resistance  is  caused  by  the  distribution  of  pressure 
around  the  hull  developed  by  waves  and  eddies  formed  by  the  ship's  motion. 
This  resistance  is  strongly  dependent  upon  the  lines  (form)  of  the  hull.  In 
Table  1  a  survey  is  given  of  the  resistance  of  a  moving  ship  and  the  main 
factors  involved.  The  air  resistance  has  not  been  taken  into  consideration. 

In  Fig.  1  the  relation  between  frictional  and  residual  resistance  is  shown 
for  ships  of  four  different  sizes  operating  at  speeds  between  10  and  35 
knots.  It  is  obvious  that  for  most  ships  the  frictional  resistance  is  more 
important  than  the  residual  resistance.  Only  for  relatively  small  ships 
operating  at  speeds  over  25  knots  the  residual  resistance  becomes  the  pre¬ 
dominant  factor.  This  is  confirmed  by  the  practical  results  given  in 
Fig.  2  (4). 


■*The  numbers  in  parenthesis  refer  to  the  list  of  references  at  the  end 
of  this  paper. 
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The  Reynolds  number  is  a  dimensionless  number  defined  as: 


Re 


1.  V 

“T" 


1  =  specific  length  (m) 

V  =  speed  (m.sec.“l) 

V” =  kinematic  viscosity  (m2.sec.“i) 
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Other  practical  data  have  been  published  illustrating  the  influence  of  the 
surface  roughness  or  condition  of  the  ship's  hull,  viz. 

actual  measurements  of  the  surface  roughness  on  the  34.800  t.d.w. 
tanker  "FERNCREST"  compared  with  oil  consumption  indicate  that  a 
25  micron  increase  in  surface  roughness  requires  about  1.75%  in¬ 
crease  in  H.P.  (5) , 

-  full  scale  trials  on  the  "LUCY  ASHTON"  have  shown  a  difference  between 
an  ironoxide  pigmented  paint  versus  an  aluminium  pigmented  paint,  the 
ironoxide  paint  giving  3%  more  total  resistance  corresponding  to  5% 
difference  in  frictional  resistance.  Slight  fouling  (scattered  small 
barnacles  and  a  band  of  fine  grass)  increases  the  total  resistance  by 
30%  corresponding  to  a  50%  increase  in  frictional  resistance  (2), 

-  measurements  of  the  surface  roughness  on  68  new  ships  have  shown  an 
average  roughness  of  190  micron  varying  from  about  100  up  to  400  micron! 
Lackenby  indicates  an  increase  in  total  resistance  on  a  large  new  ship 
by  about  21%  for  an  average  increase  in  surface  roughness  of  25  micron 
(2), 

-  in  Fig.  3  and  4  the  effect  of  surface  condition  on  oil  consumption  is 
shown  (6),  and 

actual  service  records  of  the  "LUBUMBASHI"  over  5  years  have  shown  an  in¬ 
crease  in  total  resistance  of  17%,  which  is  only  due  to  the  increase  in 
frictional  resistance  caused  by  roughening  of  the  hull  independent  of 
fouling  (7). 

Concluding  it  can  be  stated  that  the  surface  condition  of  the  ship's  hull  is 
a  major  factor  affecting  ship  performance  (2),  and  that  this  surface  con¬ 
dition  merits  intensive  care. 


Surface  roughness  and  flow  along  the  ship's  hull 


The  surface  roughness  of  the  ship's  hull  can  be  divided  into  the  macro- 
roughness  and  the  micro-roughness.  The  macro-roughness  is  the  roughness 
due  to  welding  ,  poor  application  of  the  paint,  corrosion,  fouling,  and 
disintegration  of  the  paint  coating.  It  is  a  roughness,  which  can  easily 
be  detected,  and  which  can  be  prevented  or  minimized  by  modern  protective 
means  and  methods.  The  micro-roughness  can  be  defined  as  the  intrinsic 
roughness  of  the  paint  coating,  of  which  little  is  known.  Its  importance 
has,  however,  been  demonstrated  by  the  effect  of  the  pigmentation  of  the 
paint  on  the  resistance  of  the  ship  (2).  It  has  been  supposed  that  the 
micro-roughness  plays  a  role  in  the  processes  taking  place  in  the  boundary 
layer  between  a  ship's  hull  and  seawater  (8).  The  flow  pattern  along  the 
ship's  hull  is  dependent  upon  the  Reynolds  number.  At  increasing  Reynolds 
number  laminar  flow  will  change  to  turbulent  flow  via  the  transition  stage 
(Fig.  5).  Under  laminar  flow  the  direction  of  the  flow  is  exclusively 
parallel  and  in  the  same  direction  as  the  moving  ship.  Under  turbulent 
flow  the  main  direction  of  the  flow  is  still  parallel  to  the  direction  of 
the  moving  ship,  however,  flow  in  all  possible  directions  will  occur.  Inas¬ 
much  as  for  ships  only  the  laminar  conditions  (in  ports  at  rest)  and  turbu¬ 
lent  conditions  (moving  at  sea)  are  of  importance,  the  transition  stage  is 
not  discussed  here.  For  smooth  surfaces  the  transition  from  laminar  to 
turbulent  flow  takes  place  at  a  Re  =  5.10^-10^.  For  a  rough  surface  this 
transition  takes  place  at  a  lower  Reynolds  number.  A  surface  is  considered 
to  be  rough  if  the  peaks  of  the  surface  configuration  transgress  the 
laminar  sublayer's  thickr^ss.  If  these  peaks  are  smaller,  the  surface  is 
considered  to  be  hydrodynamically  smooth  (see  Fig.  6).  In  general  a  ship 
at  rest  is  hydrodynamically  smooth  because  of  the  presence  of  a  relatively 
thick  laminar  sublayer.  A  ship  operating  at  normal  speed  has  a  very  thin 
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laminar  sublayer  and  will  be  hydrodyr.amically  rough  hence  a  turbulent  flow 
along  the  hull  exists  under  this  condition. 

The  loss  of  energy  caused  by  turbulence  will  reach  a  maximum  at  a  certain 
Reynolds  number  dependent  upon  the  surface  roughness.  In  fig.  7  the  theo¬ 
retical  flow  pattern  along  a  ship's  hull  is  given.  However,  due  to  the 
size  and  operational  conditions  of  ships  it  is  expected  that  the  flow  is 
fully  turbulent  over  the  whole  wetted  surface  of  a  ship  (9). 

4.  Laminar  sublayer  and  transport  processes  along  the  ship's  hull 

At  a  low  Reynolds  number  a  relatively  thick  laminar  sublayer1  is  present. 

This  layer  is  a  thin  continuous  layer  of  water  adjacent  to  the  ship's  hull 
more  or  less  bound  to  the  hull  and  moving  along  with  the  ship.  With  in¬ 
creasing  speed  the  thickness  of  the  laminar  sublayer  decreases,  and  at  a 
certain  Reynolds  number  the  continuous  laminar  sublayer  becomes  discon¬ 
tinuous  (see  Fig.  5).  In  this  stage  the  laminar  sublayer  still  exists,  but 
is  disturbed  by  eddy  currents  and  is  consequently  renewed  regularly  (Han- 
ratty's  surface  renewal  model)  (10).  This  surface  renewal  model  assumes  that 
the  fluid  in  contact  with  the  wall  is  replaced  at  fixed  time  intervals  by 
fluid  of  the  bulk  concentration.  The  eddies  which,  are  responsible  for 
transmitting  stress  from  the  turbulent  flow  to  the  viscous  regions  close  to 
the  wall  have  a  circumferential  dimension  approximately  equal  to  their 
distance  from  the  wall  (11).  This  has  been  confirmed  by  Townsend  who  shows 
that  cylindrical  eddies  of  the  same  radial  scale  as  the  boundary  layer 
thickness  to  a  large  extent  govern  the  turbulence  processes  in  the  near 
wall  region  (12). 

Transport  to  and  from  the  continuous  laminar  sublayer  takes  place  by  diffu¬ 
sion  only  due  to  the  molecular  movement  (see  fig.  8).  This  is  a  slow  pro¬ 
cess.  Transport  to  and  from  the  discontinuous  laminar  sublayer  takes  place 
mainly  by  transport  of  macromolecular  masses  (mixing).  This  is  a  quick 
process.  In  the  area  outside  the  laminar  sublayer  transport  takes  place 
by  diffusion  only  in  case  of  a  laminar  flow  and  by  mixing  in  case  of  turbu¬ 
lent  flow. 

It  is  clear  that  the  continuous  laminar  sublayer  acts  as  a  transfer  resist¬ 
ance.  For  a  discontinuous  sublayer  this  barrier  effect  will  be  rather  small. 
The  transport  processes  in  the  near  wall  region  along  the  ship's  hull 
affect  corrosion,  cathodic  protection,  and  the  performance  of  antifouling 
paints.  Especially  the  effect  on  antifouling  paints  is  of  great  practical 
importance.  The  action  of  antifouling  paints  is  based  on  the  release  of  a 
bio-active  material.  However,  this  action  is  only  needed  during  the  lay¬ 
days  of  ships.  The  release  of  bio-active  material  is  quick  when  the  ship 
is  moving,  and  due  to  the  fact  that  the  period  of  moving  is  bigger  than 
the  period  in  ports  only  a  small  amount  of  the  expensive  bio-active  material 
is  used  effectively  (see  Fig.  9).  More  than  90%  is  wasted  during  the 
travelling  of  the  ship  (13). 

5.  Drag  reducing  polymers 

Since  the  discovery  of  the  Thom's  phenomenon  of  friction  reduction  proper¬ 
ties  of  dilute  polymer  additives  (14)  and  the  effect  of  high  molecular  com¬ 
pounds  on  hydrodynamic  testing  (IS)  this  phenomenon  has  been  intensively 
investigated.  Naturally  also  a  lot  of  attention  has  been  given  to  various 
po'/mers  with  drag-reducing  properties  such  as  Polyox,  guar-gum,  Carbopol, 
an..  CMC.  The  phenomenon  is  very  complex  and  is  certainly  not  fully  under- 
stc  However,  the  mechanism  of  the  frictional  reduction  has  been  ex- 
pl--  ed  simply  and  nearly  satisfactorily  by  the  assumption  that  the  po- 
lyi.._rs  thicken  the  laminar  sublayer  (16).  The  various  studies  have  been 
compiled  as  follows  (17): 
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-  No  drag  reduction  occurs  until  the  flow  characteristics  change 
from  laminar  to  turbulent. 

The  amount  of  drag  reduction  increases  with  increasing  Reynolds 
number  and  with  increasing  molecular  weight  of  the  polymer  addi¬ 
tive. 

-  The  thickness  of  the  viscous  sublayer  increases  with  the  concen¬ 
tration  of  the  polymer. 

Confirmation  of  the  results  of  pipe  flow  with  respect  to  molecular 
weight  and,  in  addition,  demonstration  that  maximum  drag  reduction 
occurs  with  linear  polymers.  The  longer  the  molecular  weight  the 
greater  the  corresponding  drag  reduction. 


The  results  obtained  with  laboratory  tests  may  well  be  used  in  studying  the 
possible  effect  in  practice  on  ships  as  actual  sea-trials  with  H.M.S. 
"HIGHBURTON"  using  Polyox  have  shown  that  reductions  in  shaft  horsepower 
can  be  achieved  in  the  order  of  12%  corresponding  to  reductions  of  skin 
friction  of  the  order  of  22%  < 1 8 ) . 

All  known  polymers  with  drag-reducing  properties  are  readily  soluble  in 
water.  The  dosage  of  the  material  is  done  by  injection  or  dissolving  in 
the  bulk  of  the  water  although  it  is  only  of  use  in  the  near-wall  region. 
This  solubility  and  the  uneconomical  method  of  dosage  restrict  the 
practical  use  of  such  polymers  due  tc  the  high  costs.  A  new  material  - 
HYDRCN  ®  -  is  available,  which  may  offer  a  more  economical  solution. 

6.  HYDRON®,  a  new  polymer 

HYDRON  R  is  the  trade  name  for  a  water  insoluble  hydrophilic  acrylic  resin. 
The  hydrophilic  characteristics  of  the  resin  can  be  programmed  during  the 
fabrication  process,  which  is  patented  (19).  The  use  of  HYDRON  (g)  in  marine 
coatings  is  patented  (20,  21,  22).  It  has  been  indicated  that  the  capacity 
of  HYDRON  ®  to  take  up  water  is  related  to  its  drag  reducing  properties  (20 
22).  In  this  respect  it  is  worth  mentioning  the  resemblance  between  the 
HYDRON  ®  polymer  and  the  dolphin's  outer  skin,  which  has  been  described  by 
Kramer  (23): 

"Dolphin's  outer  skin  is  so  delicate  that  it  can  be  scraped  off 
with  a  finger  nail.  The  surface  layer  consists  of  a  highly 
pliable  material.  The  entire  outer  skin  is  waterlogged.  It 
dries  out,  becomes  brittle,  and  turns  soft  again  when  put  back 
into  water.  In  dry  state  the  outer  skin  weighs  only  one  fifth 
of  its  wet  weight,  an  indication  of  its  high  water  content." 

The  drag-reducing  properties  of  a  HYDRON  ®  coating  may  be  explained  by: 

-  a  damping  effect  of  the  coating,  or 

-  an  increase  of  the  thickness  of  the  laminar  sublayer. 

7.  Working  model 

As  a  basis  for  investigation  of  the  use  of  HYDRON  (R)  as  a  shipbottom 
coating  a  simple  working  model  has  been  adopted,  based  on  the  assumption 
that  the  HYDRON  <® coating  increases  the  thickness  of  the  laminar  sublayer 
and  has  a  stabilizing  effect  on  the  laminar  sublayer  (see  Diagram  2).  The 
increase  of  the  thickness  of  the  laminar  sublayer  will  decrease  the  sur¬ 
face  roughness  hydrodynamically  seen.  This  means  that  the  transition  of 
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the  laminar  to  turbulent  flow  will  take  place  at  a  higher  Reynolds  number. 

In  other  words  this  will  cause  drag  reduction.  The  increase  in  thickness 
of  the  laminar  sublayer  and  the  stabilization  of  the  layer  will  decrease 
the  release  of  poison  from  the  antifouling  coat  under  turbulent  conditions, 
e.g.  when  the  ship  is  in  motion.  This  release  is  not  affected  under  laminar 
conditions,  e.g.  when  the  ship  is  in  port,  due  to  the  relatively  thick  lami¬ 
nar  sublayer  present  under  this  condition.  The  decrease  in  the  release  of 
poison  will  be  considerable  in  case  the  stabilization  effect  could  prevent 
the  transition  from  the  continuous  laminar  sublayer  into  the  discontinuous 
form;  then  the  laminar  sublayer  will  act  as  a  very  effective  barrier  under 
turbulent  conditions. 

8.  Laboratory  experiments 

In  the  initial  stage  of  research  it  is  of  crucial  importance  to  demonstrate 
an  effect  of  the  polymer  coating  on  drag.  In  case  this  is  positive,  accor¬ 
ding  to  the  assumed  working  model  at  the  same  time  a  smaller  release  of 
poison  from  the  antifouling  coat  must  be  found.  In  a  later  stage  additional 
factors  have  to  be  studied  such  as  wear  of  polymer  coating,  various  curing 
mechanisms,  application,  different  antifouling  paints,  etc.  It  is  clear 
that  these  factors  are  all  of  great  practical  importance.  Furthermore,  the 
effect  of  the  material  must  be  optimized.  The  crucial  experiment  -  the 
demonstration  of  the  effects  -  is  in  fact  a  very  simple  test  consisting  of: 

-  aging  on  a  rotor  apparatus  of  a  shipbottom  paint  system  with  and  without 
a  topcoat  of  the  HYDRON  {§)  polymer  combined  with 

-  energy  measurements 

-  determination  of  rate  of  release  of  poison,  and 

-  checking  of  antifouling  performance  after  different  aging  periods. 

This  test  also  provides  information  on  the  physical  performance  of  the 
coating  like  wear,  resistance,  adhesion,  flaking,  etc. 

9.  Description  of  testmethods 

9.1.  Roj2£_§£E§E5Jy5 

A  rotorapparatus  consists  in  principle  of  a  cylinder,  which 
can  be  rotated  in  seawater.  The  apparatus  has  been  designed  to 
test  and  study  the  aging  of  shipbottom  coatings  and  has  shown 
a  good  correlation  with  practical  results  on  ships  (24). 

9.2.  Energy_measurement 

An  energy  measurement  consists  of  measurement  of 

-  the  current  consumption  of  the  electromotor,  and 

-  the  increase  in  temperature  of  the  seawater  in  the 
rotortank,  which  has  been  insulated  to  prevent  heatlosses. 

9.3.  Antifoul ing performance 

The  performance  of  an  antifouling  paint  is  dependent  upon  the 
release  of  poison  during  aging  and  its  effect  on  fouling  orga¬ 
nisms.  A  good  test  for  antifouling  paint  performance  consists 
of  (24,  25): 

-  aging  under  turbulent  conditions  by  rotortesting,  combined  with 

-  analysis  for  residual  poison  in  the  coating  after  various 
periods  of  aging,  and 

-  checking  of  its  biological  activity  after  certain  periods  of 
aging  by  immersion  tests  in  the  sea  under  fouling  conditions. 
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9.4.  Wear_of_ coating 

Film  thickness  measurements  after  various  periods  of  aging  will 
indicate  the  wear  of  the  coating.  These  measurements  are  done 
by  microscopial  examination  of  cross-sections. 

10.  Laboratory  test  data 

Tests  have  been  done  on  two  rotor  apparatuses  with  a  circumferential  speed 
of  33,75  knots.  The  application  of  the  HYDRON '1$  coats  has  been  done  on  the 
test  area  only  and  not  on  the  braces  used  for  fastening  the  test  panels. 
This  means  that  only  a  part  of  the  cylinder  is  actually  coated  with  HYDRCN 
!§)  (less  than  70%).  The  fouling  test  has  been  carried  out  in  Bombay.  The 
most  relevant  test  data  are  given  in  Tables  1  and  2  and  in  Fig.  10.  During 
the  initial  tests  a  deterioration  of  the  HYDRON  (R  coating  has  been  observed. 
This  effect  started  in  the  brush  marks.  Further  tests  with  spray-applied 
coatings  have  shown  only  minor  break-down  of  the  HYDRON  %  coat,  even  at  a 
circumferential  speed  of  54  knots.  All  further  rotortestir.g  has  given  posi¬ 
tive  results  (Table  3). 

11.  Discussion  of  rotor  test  results 

The  test  results  on  the  energy  consumption  show  a  positive  effect  of  the 
HYDRON  ®  coating.  This  effect  is  rather  small,  on  an  average  only  3,5% 

(see  Table  2).  However,  it  must  be  kept  in  mind  that  the  rotor  cylinder 
is  only  partly  (less  than  70%)  coated  with  HYDRON®.  The  real  effect  may 
be  approximately  5%. 

The  heat  generated  by  the  rotor  body  in  the  seawater  also  indicated  a  posi¬ 
tive  effect  of  the  HYDRON  In  case  HYDRON  ®  is  used  less  generated  heat 
is  indicating  less  friction.  Again  the  difference  is  too  small  to  establish 
a  quantitative  significant  effect.  Both  energy  consumption  and  generated 
heat  demonstrate  a  qualitative  positive  effect  of  the  HYDRON  ®  coating. 

From  the  cross-sections  (Table  1)  a  very  pronounced  effect  of  the  HYDRON  (R. 
skin  can  be  seen  upon  the  release  of  poison  from  the  antifouling  coating 
during  aging.  As  the  antifouling  performance  is  not  impaired  by  the  HYDRON 
(®  coating  (Table  1)  this  means  prolongation  of  the  effective  life-time  of 
the  antifouling  paint. 

12.  Tests  by  hydrodynamic  laboratories 

The  Hydro-  and  Aerodynamic  Laboratory,  Lyngby,  Denmark,  has  carried  out  a 
testing  programme  to  determine  the  effect  of  a  HYDRON  ®  coating.  The 
test  has  been  performed  in  a  small  tank  in  the  laboratory  with  a  model  of 
a  cargo  liner  (26).  A  small  reduction  in  resistance  has  been  found,  which 
is  within  the  limits  of  repeatability  in  the  small  tank.  As  it  is  supposed 
that  the  improvement  is  due  to  a  shift  in  the  transition  area  between 
laminar  and  turbulent  flow  an  extrapolation  to  ships  cannot  be  made. 

The  Naval  Ship  Research  and  Development  Center,  Washington  D.C.,  U.S.A., 
has  carried  out  tests  with  the  NSRDC  Friction  Plane  (27).  A  positive 
effect  of  1}%  has  been  found  using  a  HYDRON  ®  coating.  However,  this 
difference  lies  within  the  probable  band  of  repeatability  for  such  tests. 

The  hydrodynamic  specialitsts  do  not  advise  any  model  test,  which  could 
provide  evidence  about  the  practical  performance  of  a  special  coating. 

For  this  reason  practical  tests  have  been  initiated  in  an  early  stage  of 
the  research  work. 
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14.  Practical  testing 

Reliable  data  on  the  performance  of  ships  in  actual  operation  are  very 
difficult  to  obtain.  This  is  due  to  the  variations  in  the  practical  con¬ 
ditions. 

The  most  reliable  is  the  so-called  speed  trial  over  the  measured  mile.  An¬ 
other  possibility  is  to  follow  the  performance  and  oil  consumption  over 
long  periods  of  time.  Possibly  tests  on  sister  ships  operating  on  the  same 
route  could  also  provide  reliable  information.  Consultation  of  various  ex¬ 
perts  in  hydrodynamics  has  given  unexpected  favourable  reactions.  The 
principle  and  the  possible  explanation  of  the  effect  seem  to  be  scientifi¬ 
cally  acceptable. 

The  arrangement  of  practical  tests  on  ships  has  turned  out  to  be  very 
difficult,  indeed.  First  of  all  the  selection  of  ships  is  limited  by  the 
following  requirements: 

-  travel  performance  and  oil  consumption  known  over  a  period  of  time 

-  preferably  3-5  years  old 

-  recording  of  travel  performance  and  oil  consumption 

-  preferably  one  out  of  a  series  of  sister  ships,  and 

-  preferably  travelling  on  one  route 

Secondly,  practical  tests  introduce  commercial  interests  such  as  change  in 
antifouling  paint,  extra  drydocking  time  for  the  application  of  the  extra 
coat  and  the  possible  impact  on  the  market  as  such.  Besides  some  positive 
tests  on  small  motor  boats  and  sailboats  a  number  of  tests  on  big  ships 
have  been  carried  out.  For  these  tests  the  co-operation  and  assistance  of 
two  important  shipping  companies  are  highly  appreciated.  The  first  ship¬ 
owner  is  using  a  computerized  system  to  follow  the  operational  performance 
of  the  ships.  In  total  five  tests  have  been  carried  out  (Tables  4  and  5), 
of  which  four  showed  positive  results. 

The  second  shipowner  has  carried  out  a  test  in  the  most  reliable  way,  viz.  : 

-  drydocking  +  application  of  the  new  coat  of  antifouling 

-  undocking  and  speed  trials  over  the  measured  mile 

-  redocking  +  application  of  one  coat  of  HYDRON  and 

-  undocking  followed  by  speed  trials  over  the  measured  mile. 

The  trials  over  the  measured  mile  have  been  carried  out  by  the  IRCN  (28). 
Although  the  application  of  the  HYDRON  ®  coating  was  not  up  to  desired 
standard  the  speed  trials  have  given  a  4%  positive  effect  on  required 
horsepower  at  a  speed  of  16  knot  or  an  increase  in  speed  of  0,15  knot  at 
equal  horsepower. 

The  original  test  results  have  also  been  analysed  in  Denmark  using  a  Speed- 
Trial  Analysis  computer  programme.  This  has  shown  a  speed  increase  of 
0,25  knots  (29). 

Both  institutes  underline  the  inaccuracy  of  such  trials.  However,  both  of 
them  express  categorically  that  there  is  no  doubt  as  to  the  better  per¬ 
formance  of  the  ship  after  application  of  the  HYDRON  ®  coating. 

The  ship  has  been  painted  with  an  antifouling  paint  of  unknown  performance. 
After  6,5  months  fouling  and  rust-formation  have  been  observed. 

The  interpretation  of  the  practical  results  can  be  debated  and  the  results 
may  not  be  striking.  However,  they  can  be  rated  as  positive  and  promising. 


15.  Economy 

Accurate  economic  calculations  on  frictional  resistance  can  only  be  made  by 
the  shipowners  as  they  have  all  the  necessary  data  available.  The  economy 
will  depend  not  only  on  the  type  of  the  vessel,  but  on  other  factors  such 
as  size,  operational  speed,  trading,  days  at  sea  versus  lay-days,  ballasted 
or  loaded,  etc. 

Some  examples  of  economic  calculations  have  been  given  in  the  literature 
(30,  31,  32,  33,  34).  They  are  summarized  in  Table  6.  From  these  data  an 
average  earning  can  be  calculated  on  fuel  consumption  alone  of  $0,133  per 
ton  per  year  for  one  per  cent  reduction  in  total  resistance.  For  the  1971 
price  of  fuel  oil  ($19/ton)  this  figure  is  $0.20. 

A  2 SO . 000  t.d.w.  tanker  with  a  30.000  HP  engine  and  300  days  at  sea  will 
annually  use  about  43.000  ton  fuel  oil.  In  case  of  a  3%  gain  in  performance 
the  saving  on  fuel  will  amount  to  $26,000  per  year.  This  saving  has  to  be 
considered  low  relative  to  the  possible  increase  of  earning  capacity  of  the 
ship.  This  can  be  illustrated  by  the  following  example.  A  300.000  t.d.w. 
tanker  has  an  operational  cost  of  approximately  $30,000  per  day.  A  1  per 
cent  increase  in  speed  will  give  3  more  operational  days  per  year,  in  other 
words  a  saving  of  $90,000.  This  does  not  include  savings  made  possible  by 
the  prolongation  of  the  effectiveness  of  antifouling  paints. 

16.  General  considerations 


It  is  certainly  too  early  to  draw  any  definitive  conclusions  from  this 
study  and  the  preliminary  investigations.  The  available  knowledge  on  drag 
reducing  polymers  and  the  positive  result  obtained  on  an  actual  ship  indi¬ 
cates  the  practical  possibilities.  The  preliminary  results  with  a  HYDRON  ® 
coating  may  be  classified  as  promising.  A  qualitative  effect  on  drag  re¬ 
duction  has  been  found  and  a  very  pronounced  effect  on  the  release  of 
poison  from  an  antifouling  coating.  These  findings  correspond  to  the 
working  model  adopted  for  this  research  project. 

As  it  is  very  difficult  to  extrapolate  laboratory  and  towing  tank  test 
results  to  actual  ships,  testing  in  practice  has  been  started.  This  may 
seem  to  be  premature  and  not  fully  justified  at  this  moment.  However,  the 
beneficial  effect  on  the  antifouling  performance  alone  may  make  the  use  of 
HYDRON  ®  a  cost  saving  treatment.  Moreover,  practical  testing  will  once 
more  focus  attention  on  this  interesting  phenomenon  and  will  stimulate  the 
research  efforts. 

17.  Remark 


The  barrier  action  of  the  increased  sublaminar  layer  will  also  affect  the 
corrosion  rate,  and  in  case  cathodic  protection  is  used,  the  current 
density  needed  for  protection.  The  latter  is  under  investigation  in  order 
to  develop  a  reliable  and  quick  test  method. 
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TABLE  1:  Data  on  testpanels 


Distance 

Average  thickness 

in  micron  of: 

Topcoat 

of  aging 
in  miles 

HYDRON 

coat 

Released 

layer 

Antifouling 

coat^ 

Fouling  - 
resistance* 

none 

5.000 

- 

8.4 

67 

good 

2  coats  HYDRCN  ® 

5.000 

16 

0 

76 

good 

none 

10.000 

- 

12.1 

80 

good 

2  coats  HYDRCN  <g) 

10.000 

15 

less 
than  1 

80 

good 

none 

20.000 

16 

95 

good 

2  coats  HYDRON  ® 

20.000 

16 

5 

96 

good 

none 

40.000 

- 

19 

92 

good 

2  coats  HYDRON  ® 

40.000 

21 

6.7 

91 

good 

1  coat  HYDRON  ® 

S.000 

5.6 

0 

79 

good 

1  coat  HYDRON  ® 

10.000 

6 

0 

66 

good 

1  coat  HYDRON  ® 

20.000 

5 

6 

82 

good 

2  coats  HYDRON  ® 

5.000 

13 

0 

75 

good 

2  coats  HYDRON  ® 

10.000 

14.5 

0 

96 

good 

2  coats  HYDRON  © 

20.000 

15 

5 

89 

good 

4  coats  HYDRON  ® 

5.000 

40 

0 

75 

good 

4  coats  HYDRON  <g) 

10.000 

38 

o 

79 

good 

4  coats  HYDRON  ® 

20.000 

38 

5 

85 

good 

2  coats  HYDRON  ® 

0 

14 

- 

87 

good 

0 

- 

- 

79 

good 

including  released  layer 
2 

tested  in  Bombay 
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TABLE  i'J  Sumnary  of  energy  calculations 


0 

4340 

4224 

5.000 

4340 

4209 

10.000 

4349 

4195 

20.000 

4330 

4140 

40. 000 

4463 

4266 

average 

4364 

4211 

2261 

1 

2210 

2232 

2145 

2294 

2201 

2302 

2236 

2412  j 

2304 

2300 

2219 

Energy  input  :|/TxUxIxco6^x  360  x  0.24  x  10-3  =  606  kcal,  for  I  =  1  A. 


2 Generated  heat  -  temperature  increase  in  °C  x  240  kcal  (content  rotortanks  is  240  1). 


TABLE  3 :  Some  results  of  rotortests 


tet't  number  of 
repetitions 


average  energy  input  in  kcal/hr. 


without  with  difference 

HYDRON  (R)  HYDRON  CR*  in  % 


TABLE  4 ;  Practical  tests  on  ships  of  shipowner 


renarks 

sold 

after 

5}  months 

sold 

after 

6  months 

Its 

fouling 

partly 

after 

8  months 

green  algae 
after 

7  months 

not  fouled 
after 

S  months 

i 

not  fouled 
after 

6  months 

resu 

effect  cn 

release  of 
poison 

fill 

unknown 

i 

see  ship  1 

! 

5  X 

f  J 1 

positive 

positive 

negative 

positive 

positive 

I 

WWON®, 
coot  in 
microns 

01  -  S 

appr.10 

O 

r-i 

i 

O 

H 

i 

IS) 

i 

type  of 

antifouling 

{taint 

1 

| 

"N*  TJ 

o  o 

cfl 

•t 

> 

>s* 

o  <p 

CN  0 

3  1 

i 

l! 

i 

H 

1 

>  . 

'n*  *n 

O  $ 

cfl 

i 

of  hull 

if 

rough 

rather 

rough 

smooth 

s 

a 

% 

.5 

8000 

(bottom  + 
sides) 

5100 

(sides 

only) 

6050 

(bottom  ♦ 
sides) 

8300 

(sides) 

9100 

(bottom  + 
sides) 

in 

service 

since 

1966 

1967 

1962 

1964 

1960 

**■» 

46350 

79600 

42950 

77450 

41780 

ship 

r* 4 

CN 

cn 

\n 
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TABLE  5:  Sailing  data  of  five  ships  with  tests 


ship 

in-between 

drydocking 

period 

date  of 
leaving 
drydock 

performance 

number 

time  in 
months 

after 

drydocking 

end  of 
period 

■ 

1 

6.4 

9.  7.66 

99.8 

94.9 

-0.0254 

2 

13.1 

21.  1.67 

96.2 

88.0 

-0.0209 

3 

9.6 

25.  2.68 

93.8 

89.7 

-0.0142 

u 

4 

9.3 

12.12.68 

91.5 

-0.0162 

5 

19 . 6 

■'iiKim 

99.3 

87.2 

-0.0205 

■ 

62 

11.  3 

KlHfil 

98.1 

93.0 

-0.0151 

1 

5.3 

28.10.67 

98.9 

94.8 

-0.0258 

2 

11.  S 

6.  4.68 

96.7 

82.9 

-0.0400 

2 

3 

14.4 

21.  3.69 

95.6 

82.7 

-0.0299 

4 

12.7 

4.  6.70 

96.2 

85.2 

-0.0289 

52 

9.7 

24.  6.71 

95.7 

89.6 

-0.0207 

1 

5.6 

30.  3.62 

100.0 

99.9 

-0.0008 

2 

12.1 

17.  9.62 

100.0 

97.5 

-0.0070 

3 

11.0 

20.  9.63 

99.9 

96.0 

-0.0118 

4 

9.0 

20.  8.64 

100.0 

94.3 

-0.0211 

5 

9.2 

19.  5.65 

100.0 

93.4 

-0.0240 

6 

9.7 

24.  2.66 

99.6 

95.5 

-0.0140 

7 

16.7 

16.12.66 

98.0 

89.9 

-0.0162 

8 

20.8 

7.  5.68 

95.2 

85.6 

-0.0154 

9 

24.0 

31.  1.70 

96.9 

91.3 

-0.0078 

102 

5.6 

30.  1.72 

96.9 

-0.0185 

|f] 

1 

9.4 

8.10.64 

99.9 

95.0 

-0.0175 

2 

7.2 

19.  7.65 

94.9 

93.1 

-0.0085 

3 

15.4 

25.  2.66 

98.6 

85.8 

-0.0278 

n 

4 

14.5 

8.  6.67 

100.0 

94.3 

-0.0132 

Ik  jH 

5 

18.7 

23.  8.68 

99.1 

88.9 

-0.0181 

6, 

17.0 

14.  3.70 

96.3 

86.2 

-0.0198 

72 

8.1 

14.  8.71 

93.9 

90.1 

-0.0158 

3.0 

15.  7.60 

100.0 

99.9 

-0.0013 

5.5 

15.10.60 

100.0 

98.7 

-0.0077 

10.2 

31.  3.61 

100.0 

97.5 

-0.0082 

10.5 

7.  2.62 

99.4 

96.8 

-0.0082 

■KB 

21.12.62 

100.0 

99.2 

-0.0035 

13.  8.63 

100.0 

99.4 

-0.0020 

5 

12.  6.64 

100.0 

95.4 

-0.0140 

8 

UBI 

12.  5.65 

99.8 

93.0 

-0.0202 

<  mm 

9.7 

22.  4.66 

100.0 

94.6 

-0.0185 

15.1 

12.  2.67 

99.2 

88.5 

-0.0237 

24.2 

16.  5.68 

95.1 

88.5 

-0.0091 

13.2 

23.  5.70 

90.0 

-0.0253 

5.6 

29.  6.71 

96.5 

95.2 

-0.0079 

^decrease  in  performance  per  day  (average  in  % ) 

2  _ 

with  Hydron  ® 
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fuel  consumption  alone 

capacity  of  the  ship  will  certainly  be  higher  than  the  saving  on  the  fuel  bill  (26,29) 
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Discussion 


Drs.  Christie  and  Crisp:  Did  we  correctly  interpret  Dr.  Van  Londen's 
explanation  of  reduced  drag  and  leaching  rate  as  being  a  direct  result  of 
the  change  in  the  velocity  profile  which  was  changed  by  diffusion  of 
soluble  polymer?  We  would  question  whether  this  can  be  the  case  since 
the  equations  for  momentum  transport  and  mass  transport  normal  to  the 
surface  are  of  similar  form  except  for  the  nondimensional  coefficients 
involved.  Since  diffusion  was  more  profoundly  reduced  than  drag,  we  would 
suggest  that  the  acrylic  film  merely  interposed  an  additional  diffusion 
resistance  between  the  toxic  pigment  and  the  sea  water.  Whether  the  profile 
of  the  boundary  layer  is  in  fact  altered  by  a  resin  layer  did  not  appear 
to  us  to  have  been  convincingly  demonstrated  in  the  patent  literature 
since  there  was  no  attempt  to  employ  true  controls.  We  noted  that  a  film 
of  material  without  drag  reducing  property  but  of  equal  smoothness  should 
have  been  applied  to  the  control  panel.  Otherwise  any  observed  reduction 
in  drag  may  simply  have  resulted  from  the  increased  smoothness  characteristic 
of  any  newly  applied  film  compared  with  that  of  the  original  surface. 

We  ask  whether  any  published  experiments  with  such  controls  have  ever 
shown  significantly  reduced  drag. 

Dr.  Van  Londen:  I  apologize  for  having  failed  to  explain  sufficiently 
clear  the  drag  reduction  and  the  decrease  in  the  release  of  poison  under 
turbulent  conditions.  My  assumption  and  working  model  is  an  increase  in 
the  thickness  of  the  laminar  sublayer  or  a  stabilization  of  that  layer.  Our 
laboratory  experiments  have  shown  that  the  release  of  poison  is  independent 
of  the  thickness  of  the  applied  ilydron  coating.  This  demonstrates  that  the 
Hydron  coating  does  not  merely  act  as  an  additional  diffusion  resistance. 

I  do  not  know  to  which  patent  Drs.  Christie  and  Crisp  referred  specifically. 
To  my  knowledge  there  is  no  patent  on  Hydron  describing  the  theoretical 
background  for  the  effect  of  Hydron.  Laboratory  tests  with  Hydron  in 
comparison  with  control  inert  films  are  being  carried  out  at  the  moment 
in  a  university  laboratory.  The  practical  test  using  measured  miles  trials 
have  been  done  with  newly  applied  coatings.  It  can  hardly  be  assumed  that 
the  thin  Hydron  coating  (less  than  10  micrometer  dry  film  thickness) 
decreased  the  intrinsic  roughness  of  the  hull.  The  ship  was  several  years 
old,  the  hull  was  in  a  not  too  good  condition  and  the  application  of  the 
Hydron  coating  was  not  up  to  standard.  Even  so  a  4%  difference  in  H.P.  has 
been  reported. 
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MAINTAINING  A  SMOOTH  SHIP  BOTTOM 


R.  P.  Devoluy,  Woolsey  Marine  Industries,  201  E,  42nd  Street,  Nev  York,  N.  Y.  10017 
W.  H,  Briggs,  Newport  News  S.  B.  &  D.  D.  Co.,  Newport  News,  Va.  23607 
John  Marra,  Sea-Land  Services  Inc.,  P.  0.  Box  1050,  Elizabeth,  N.  J.  07207 


This  paper  outlines  the  Importance  of  ship  bottom  smoothness, 
summarizes  the  magnitude  and  the  causes  of  surface  roughness,  and 
examines  possible  remedies  for  this  problem. 

Key  Words:  Shlpbottom  smoothness,  magnitude  and 
causes  of  roughness,  remedies 


1.  Importance  of  Bottom  Smoothness 

The  consequences  of  ship  bottom  roughness  were  recently  suimarized  by  the  manager  of 
a  large  tanker  fleet  (1)*  who  Is  concerned  with  the  Inadequacy  of  drydock  space  for  the 
new  generation  of  very  large  cargo  carriers  If  the  present  18  to  24  months  drydocking 
Interval  cannot  be  extended  by  longer  lasting  antl-foullng  paints  and  smooth  anticorrosive 
coatlngE  of  greater  longevity.  For  such  vessels,  on  a  popular  run,  the  hull  surface 
deterioration  loss  over  24  months  is  equal  to  18  days  ship  time.  This  Is  worth  $166,000 
per  year  solely  on  the  basis  of  lost  speed. 

This  concern  for  bottom  smoothness  is  not  new.  In  1951,  U.  S.  Navy  Investigations  (2) 
reported  significant  increases  in  frictional  resistance  between  sister  ships  using  the  hot 
plastic  system  and  the  smoother  vinyls.  Both  types  of  antl-foullng  normally  stay  clean 
for  at  least  two  years  and  hence  fouling  was  not  a  factor  In  these  trials.  The  vinyls 
soon  became  the  Navy  specification  system  and  they  are  still  used  on  most  American  Naval 
Vessels  and  on  many  merchant  ships. 

In  1950  the  owner  of  a  T-2  tanker  sought  to  reduce  the  bottom  and  boottop  roughness 
by  sandblasting  and  applying  the  vinyls.  For  the  next  two  years  it  was  reported  (3)  that 
the  speed  of  the  vessel  had  Increased  by  0.27  knots  while  the  fuel  consumption  remained 
approximately  the  same.  The  owner  concluded  that  the  bottom  treatment  was  worth  seven 
days  of  ship  time  per  year.  Unfortunately  the  vessel  suffered  a  severe  grounding  during 
the  third  year.  The  extensive  replacement  of  plates  ended  the  collection  of  meaningful  data. 

2.  Causes  of  Bottom  Roughness 

These  causes  can  be  classified  as  the  attachment  of  marine  fouling  due  to  the  Inade¬ 
quacy  of  the  antl-foullng  paint  for  the  period  between  drydocklngs  and  the  deterioration 
of  the  anticorrosive  coatings  and  subsequent  corrosion  of  the  steel  surfaces.  Ship  bottom 
abrasion  is  a  frequent  contributor  to  the  failure  of  both  paints.  This  paper  considers 
the  ship  bottom  area  to  extend  from  keel  to  deep  load  line  Inasmuch  as  it  Is  common  practice 
on  large  cargo  carriers  to  extend  the  anticorrosive  and  the  antifouling  to  the  deep  load 
line  In  order  to  prevent  algae  attachments.  Some  species  of  algae  cause  severe  loss  of 
speed. 


It  is  often  Impossible  to  separate  roughness  caused  by  fouling  from  that  resulting 
from  the  deterioration  of  the  anticorrosive  coating  and  subsequent  pitting  of  the  steel. 
Fortunately,  some  observers  have  been  meticulous  on  this  point. 


a  numbers  In  parentheses  refer  to  the  list  of  references  at  the  end  of  this  paper. 
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3.  The  Effects  of  Fouling 


357.  to  45%  Increases  In  fuel  consumption  at  20  knots  were  reported  by  earlier  ob¬ 
servers  (4).  More  recently,  and  probably  more  accurately,  an  Increase  In  fuel  of  30%  due 
to  general  fouling  was  observed  (5).  Also,  attachments  of  certain  species  of  algae  on  the 
sides  of  large  tankers  can  cause  30%  -  37%  extra  fuel  consumption  (6) . 

An  excellent  study  (7)  on  the  economics  of  bottom  treatment  concludes  that  the  cost 
of  the  antlfoullng  paint  Is  of  secondary  Importance  provided  that  It  reduces  the  rate  of 
fouling.  Obviously,  the  antlfoullng  must  alto  retain  Its  smoothness.  New  requirements 
also  Include  resistance  to  under  water  cleaning  methods  and  compliance  with  the  Increas¬ 
ingly  severe  toxicity  regulations  being  Imposed  by  the  environmental  and  labor  protection 
agencies . 


4.  The  Effect  of  Deterioration  of  the  Anti-Corrosive 
Coatings  and  of  the  Steel  Surface 

Hydrodynamicists ,  naval  architects  and  marine  engineers  have  often  recoranended  that 
more  attention  to  the  smoothness  of  the  ship  bottom  surface  would  be  economically  reward¬ 
ing.  Service  trials  (8)  conducted  before  and  after  blasting  and  recosting  disclosed  a 
17%  Increase  in  a  ship's  resistance  after  five  years  due  to  paint  roughness  and  pitting 
of  the  steel.  Another  3%  Increase  In  resistance  was  attributed  to  fouling.  Hydrodynam- 
lcally,  the  surface  was  returned  to  essentially  new  ship  condition  by  the  blasting  and 
recoatlng.  The  paint  roughness  was  due  to  blisters  and  pitting.  The  blisters  ranged  from 
0.1  Inches  (2500  p)  to  0.2  inches  (5000  p)  in  height  and  the  corrosion  pits  were  about 
0.1  Inches  (2500  m)  deep.  This  Investigator  also  suggested  that  the  shape  of  the  rough¬ 
ness  was  more  important  that  its  absolute  height. 

A  classic  paper  (9)  on  the  resistance  of  ships  due  to  skin  friction  and  hull  surface 
condition  states  that  the  skin  frictional  resistance  on  merchant  ships  contributes  up  to 
80%  of  the  total  resistance  for  lower  speed  vessels.  The  author  reports  that  an  18,000 
deadweight  ton  tanker  suffered  an  Increase  of  40%  In  required  power  due  solely  to  paint 
breakdown  and  corrosion  products. 

One  British  Ship  Research  Association  report  (10)  presents  a  table  of  mean  roughness 
versus  approximate  allowance  from  trials  of  two  18,000  DWT  tankers.  It  is  encouraging 
to  note  that  there  is  zero  allowance  for  surface  roughness  up  to  5  mils  (125  m)  .  The 
values  range  from  3%  allowance  for  6  mils  (150  it)  up  to  32%  allowance  for  20  mils  (450  m). 
There  was  very  little  fouling  on  these  vessels. 

The  Norwegian  Technical  Institute  (SFI)  found  (11)  that  a  seven  year  old,  37,000  DWT 
tanker  had  Its  surface  roughness  reduced  from  an  average  of  29  mils  (725  a)  down  to  11  mils 
(275  a)  by  blasting  and  applying  a  modern,  hlgh-bulld  coating  system.  At  15  knots  this 
reduction  In  roughness  allowed  a  25%  decrease  in  shaft  horsepower.  Another  SFI  observer 
(7)  states  that  a  mean  roughness  of  4  mils  (100  a)  corresponds  to  a  57.  to  77.  Increase  in 
resistance.  The  SFI  has  accumulated  enough  data  to  publish  "Roughness  Standards  for  Ships" 
(12).  This  excellent  presentation  includes  plastic  sheets  reproducing  fine  degrees  of 
bottom  surface  roughness.  The  roughness  grades  are  then  related  to  increases  in  shaft 
horsepower . 


5.  Obtaining  a  Smooth  Bottom 

Briefly,  the  ship  owner  must  choose  from  the  available  modern  coatings  and  select  the 
ones  which  can  be  applied  where  his  ships  are  built  and  where  they  are  likely  to  be  main¬ 
tained.  Unfortunately,  it  seems  that  the  better  coatings  are  often  sensitive  to  surface 
moisture  and  to  low  temperatures  during  application. 

The  vinyl  coatings  were  the  first  step  towards  smoother  bottoms  and  are  still  widely 
used.  They  can  be  applied  at  very  low  temperatures  but  are  sensitive  to  surface  moisture. 
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They  remain  smooth  if  applied  at  the  proper  film  thickness,  but  they  will  blister  when 
abraded  to  a  sub-standard  thickness.  The  vinyl  antifouling  Is  outstanding  and  Is  also  used 
over  many  other  types  of  good  antlcorroslvea. 

The  aluminum  -  bituminous  paints  were  Introduced  at  about  the  same  time  as  the  vinyls 
and  still  enjoy  a  good  share  of  the  market.  They  have  good  tolerance  for  adverse  drydock 
conditions  and  maintain  their  smoothness  unless  abraded.  They  can  only  be  topcosted  with 
coal-tar-rosin  types  of  antifouling  and,  unfortunately,  this  type  has  some  tendency  to 
check  and  crack  as  the  film  thickness  builds  up  over  the  years. 

The  past  decade  has  seen  the  development  and  use  of  epoxy,  coal-tar-epoxy,  chlorinated 
rubber  and  flakeglas-polyester  anticorrosive  coatings.  To  varying  degrees  these  coatings 
feature  low  water  vapor  permeabllit  which  is  Judged  by  many  corrosion  engineers  to  be 
the  most  Important  property  of  an  underwater  anticorrosive  costing.  Also  these  coatings 
are  available  in  "high  build"  formulations  which  permit  application  economies  by  obtaining 
the  required  film  thickness  In  fewer  coats  than  with  traditional  paints. 

The  chlorinated  rubbers  seem  to  blister  less  than  the  epoxies  or  the  vinyls  when 
abraded  much  below  specified  film  thickness.  However,  the  epoxies  seem  to  be  more  abra¬ 
sion  resistant  than  the  vinyls  or  chlorinated  rubbers.  Flakeglas-polyesters  have  the  best 
abrasion  resistance,  the  lowest  permeability,  and  can  be  applied  at  30  to  50  mils  In  one 
coat.  At  present,  they  cannot  be  applied  below  50°F  which  Is  also  about  the  lower  tempera¬ 
ture  limit  for  epoxies  and  coal-tar  epoxies.  The  coal-tar  epoxies  are  normally  applied 
as  two  8  mil  (200  m)  coats  and  feature  good  abrasion  resistance,  low  permeability  and  good 
blistering  resistance. 

As  previously  mentioned,  the  bottom  anticorrosive  and  antlfoullng  la  often  carried 
up  to  the  deep  load  line.  This  helps  to  maintain  surface  smoothness  on  this  substantial 
area.  As  a  parameter  for  the  degree  of  bottom  smoothness  that  can  be  expected  on  a  new 
tanker,  one  owner  (13)  specifies  a  maximum  average  roughness  of  5  mils  (125  m). 


6.  Maintaining  a  Smooth  Bottom 

Assuming  that  most  ship  owners  will  eventually  Invest  In  superior  coatings  that  can 
be  applied  to  a  satisfactory  degree  of  smoothness,  what  can  be  done  to  preserve  the  smooth 
surface  by  the  ship  owner  and  by  the  shipyards? 

The  ship  owner  can  control  the  fouling  problem  by  underwater  cleaning  techniques, 
such  as  scuba  divers  using  rotary  nylon  brushes  or  by  brush  boats,  when  he  finds  that  his 
drydocking  schedule  will  exceed  the  expected  service  life  of  the  antlfoullng  paint.  In 
addition  the  economics  of  such  cleaning  techniques  may  be  decidedly  attractive.  For  example, 
at  a  coat  of  $4400  U.  S.  (or  leas)  for  a  1100  ft.  (340  M)  of  a  large  tanker  (250,000  OUT), 
only  1(8  knot  of  speed  needs  to  be  restored  to  repay  the  cleaning  cost  over  a  30  day 
voyage.  (Based  on  low  charter  rates  of  about  $18,000  per  day).  A  speed  regain  of  a  half 
knot  or  more  Is  common. 

The  ship  owner  can  also  control  pitting  at  abraded  areas  and  reduce  underfilm  corro¬ 
sion  by  means  of  Impressed  current  cathodic  protection.  The  potential  must  be  controlled 
so  as  not  to  damage  the  anticorrosive  coatings  (141(15).  Cathodic  protection  Is  not  a 
substitute  for  good  coatings,  and  in  fact,  performs  best  with  high  performance  coatings 
that  have  low  permeability  and  some  alkali  resistance.  With  a  proper  combination,  the 
tendency  for  roughness  to  develop  Is  limited  to  areas  of  damage  or  abrasion. 

The  shipyards  can  contribute  significantly  to  the  retention  of  bottom  smoothness  by 
changing  from  "sand  sweeping"  or  "brush  blasting"  with  dry  sand  or  grit  of  Irregular  mesh 
sire  to  the  uce  of  hydroblasting.  It  is  known  that  "sand  sweeping"  to  remove  loose  paint 
and  light  fouling  roughens  the  old  paint  and  that  the  penetration  of  sand  to  the  substrate 
leads  to  underfilm  corrosion  and  blistering  of  the  new  coats. 
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Hydroblaatlng,  at  2400  pounds  pressure  with  a  16  gallon  per  minute  flow  rate,  removes 
algae  and  also  barnacles  up  to  0.25  Inches  (6250  m)  In  diameter.  If  heavy  fouling  has  to 
be  removed,  fine  sand  can  be  injected  Into  the  high  pressure  water  stream.  The  latter  Is 
much  less  harmful  to  the  old  coating  than  a  dry  blast  with  the  variable  particle  size  sand 
normally  used.  It  has  been  observed  that  hydroblasting  has  a  tendency  to  make  the  old 
painted  surface  smoother.  Surprisingly,  better  antifouling  performance  was  experienced  on 
two  hydroblasted  ships. 


7.  Speed  Reg  lin 


This  term  Is  being  used  to  identify  the  economic  rewards  resulting  from  blasting  and 
recoatlng  a  rough  bottom.  "Speed  regain"  is  defined  as  that  percent  of  loss  from  the 
ship's  original  speed  which  is  recovered  by  blasting  the  bottom  to  remove  all  paint  and 
corrosion  products,  and  then  recoating.  It  does  not  include  the  periodic  speed  recovery 
from  removing  fouling  and  loose  paint,  and  by  routine  repainting,  at  regular  drydocklngs. 

Obviously,  there  are  many  variables  aid  hence  it  is  not  surprising  that  many  different 
values  for  "speed  regain"  have  been  reported.  These  variables  include: 

(a)  Is  the  roughness  mainly  blisters?  What  is  the  height  and  intensity  of  the  blisters? 

(b)  Is  pitting  corrosion  the  predominant  cause  of  roughness?  How  deep  and  how  wide 
are  the  pits?  What  is  their  intensity? 

(c)  Is  the  effect  of  roughness  the  same  for  fine  form  and  full  form  ships? 

(d)  Does  the  ship's  propeller  and  rudder  have  the  same  smoothness  before  and  after 
blasting  and  recoating  the  bottom? 

It  is  clear  that  the  procedures  for  returning  a  blistered  paint  bottom  to  a  smooth 
condition  will  differ  from  the  measures  prescribed  for  pitted  bottom  plates.  A  blistered 
surface,  with  little  or  no  pitting,  is  simply  blasted  and  recoated  with  the  required  film 
thickness  of  a  good  coating  system.  A  pitted  bottom  depending  on  the  age  of  the  ship  and 
the  severity  of  the  pitting,  requires  more  selectivity  in  choosing  a  remedy.  Most  ship 
owners  are  aware  that  blasting  an  old  bottom  with  deep  pits  can  yield  a  rougher  surface 
in  spite  of  recoating  with  very  good  coatings.  This  is  caused  by  the  removal  of  thick 
rust  scale  from  the  deep  pits  by  the  blasting.  Such  deep  pits  cannot  be  filled  except  by 
troweling  with  special  compounds,  or  by  spray  or  roller  application  of  thixotropic  coatings 
such  as  the  flakeglas-polyesters. 

Recent  unpublished  data  obtained  on  properly  instrumented  ships  indicate  a  range  of 
"speed  regain"  from  seventy  to  ninety-five  percent  of  the  new  ship  speed.  New  Instruments 
such  as  that  developed  by  S.  F.  I.  (a  trade  name  is  Monotester  R)  now  provide  superior 
surface  roughness  measurements  under  drydock  conditions.  Data  can  be  more  readily  obtained 
for  correlation  with  either  skin  friction  or  speed  regain. 

It  is  now  evident  that  materials,  cleaning  methods,  and  technology  are  now  available 
to  improve  bottom  smoothness  and  to  assess  the  economic  and  operational  Impact  of  surface 
roughness.  However,  the  application  of  these  new  tools  must  also  encompass  environmental 
considerations  as  well  as  economic  and  operational  factors. 
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Written  Contribution 


After  the  Congress,  Mr.  J.  H.  Morgen  wrote  as  follows: 

There  were  several  comments  at  the  Congress  on  the  effect  of  cathodic 
protection  on  paints,  and  these  were  mostly  concerned  with  the  breakdown  of 
the  paint  under  extreme  conditions  of  cathodic  protection.  We  have  noted  on 
ships  that  have  been  fully  protected  a  considerable  increase  in  the  life 
of  the  paint  and  there  have  been  several  remarkable  examples  of  this. 

Firstly,  on  a  tanker  hull  with  a  coal  tar  epoxy  paint  this  lasted  seven 
years  without  re-painting  and  the  hull  paint  remained  smooth  and  unaffected 
by  its  immersion  in  t!  e  sea.  It  was  still  possible,  at  the  end  of  the 
seven  year  period,  to  bring  up  a  shine  on  the  surface  by  rubbing  it. 

Secondly,  we  also  found  on  two  ships  which  operated  under  extreme  conditions 
of  scour,  one  group  being  ice  breakers  and  the  others  operating  in  the 
Thames  Estuary,  that  although  part  of  the  paint  was  physically  removed, 
that  which  was  not  removed  remained  on  the  surface  in  good  condition.  Before 
the  protection  was  applied  the  whole  surface  was  completely  clear  of 
paint  so  that  the  cathodic  protection  had  succeeded  in  preserving  the 
paint  that  was  left  despite  the  heavy  abrasion. 

I  believe  this  extension  of  the  preservation  of  the  paint  is  a  very 
important  aspect  of  ship  impressed  current  cathodic  protection  which  we  are 
only  just  beginning  to  observe.  It  is  only  in  the  last  decade  that  reliable 
impressed  current  systems  have  given  continuous  protection  and  this  has  only 
been  applied  to  a  significant  number  of  ships  in  the  last  seven  or  eight 
years.  We  now  have  a  lot  of  experience  of  ships  protected  during  this 
period,  and  we  are  able  to  say  without  any  doubt  that  cathodic  protection 
in  which  the  hull  is  held  at  or  close  to  the  accepted  criterion  of  protection 
will  extend  the  life  of  the  hull  paint  when  this  is  not  adversely  affected 
by  alkalinity. 
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Zoospores  and  sygotes  have  been  grown  on  a  variety  of 
substrates.  Their  method  of  attachment  has  been  studied,  using 
Both  light  and  electron  microscopy.  The  primary  rhiaoid  is 
negatively  phototactic  and  grows  down  into  the  substrate.  If  the 
substrate  is  hard,  then  lines  of  weakness,  such  a*  the 
microscopic  cracks  in  a  paint  filn,  are  penetrated.  Rhiaoid 
production  continues  throughout  the  life  of  the  plant.  The 
rhiaoid*  radiate  out  from  the  base  o i  the  thallus  and  eventually 
penetrate  the  substrate  for  a  considerable  distance,  so  building 
up  a  firm  anchorage.  This  rhiaoid  development  results  in  the 
physical  breakdown  of  the  surface  layers  of  the  substrate.  It 
is  suggested  that  such  algae,  growing  on  the  tides  of  ships  or  on 
wooden  jetties,  are  active  bio-deteriorants. 

Key  Words:  Enteromorpha;  germination;  rhiaoid* ; 

Scanning  Electron-microscopy;  substrate  penetration; 

breakdown  of  substrate;  bio-deteriorants. 


1.  Introduction 

Species  of  marine  algae  which  are  concerned  with  ship-fouling  require  an 
extremely  strong  anchorage  if  they  are  to  remain  attached  to  the  substrate  of  paint 
and  corroded  metal  on  the  sides  of  a  ship.  Like  all  marine  algae  they  have  the 
continual  battering  of  wave  action  to  withstand,  but  in  addition  they  have  the 
movement  of  the  ship  to  combat.  Against  these  combined  forces  of  water  movement, 
plants  of  Entcomorpha  and  Ectocarpus  have  a  remarkable  tenacity. 

Species  of  Enteromorpha  and  Ectocarpus  reproduce  by  motile  cells  which  swim 
around  for  a  time  and  then  settle  on  a  substrate.  Whether  this  be  on  a  moving  ship  or 
on  a  wooden  jetty,  there  must  be  an  iranediate  and  strong  adherence  of  the  cell  to  the 
substrate  so  that  it  is  not  washed  away  by  the  next  wave.  Evans  and  Christie1  have 
demonstrated  that  the  initial  adhesion  of  zoospores  of  Enteromorpha  is  associated  with 


1 


Figures  in  parenthesis  indicate  the  literature  references  at  the  end  of  this  paper. 
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th«  production  of  extrafibrillar  material,  some  of  which  is  proteinaceous  in  character 
with  a  probable  carbohydrate  component.  Following  this  initial  adhesion,  the  zoospore 
or  sygote  soon  shows  signs  of  germination  when  a  protuberance  grows  out  on  one  side. 

This  outgrowth  is  soon  cut  off  by  a  cell  wall  from  the  rest  of  the  cell.  It  continues 
to  elongate  and  eventually  it  forms  a  long  filament  of  cells  with  apical  growth, 
constituting  the  primary  rhizoid.  While  this  rhizoid  develops,  the  rest  of  the  zoospore 
or  zygote  grows  out  in  the  opposice  direction  to  form  a  filament  of  cells  which 
subsequently  differentiate  into  the  thallus.  The  present  study  follows  the  growth  of 
the  primary  rhizoid  and  its  association  with,  and  its  effects  upon,  the  substrate. 


2.  Method  for  obtaining  cultures  of  Enteromorpha 


Dense  suspensions  of  zoospores  or  zygotes  were  obtained  following  the  method 
described  by  Christie  and  Shaw?  and  Christie  and  Evans. ?  Adult  thalli  were  originally 
collected  from  the  coast  of  Northumberland  about  3-5  days  before  the  high  spring  tide 
of  each  aunth,  transferred  to  the  laboratory  in  plastic  bags,  and  then  set  up  in  a  dish 
of  seawater  receiving  unilateral  light.  The  zoospores  which  were  liberated  moved  away 
from  the  light,  whereas  gasMtes  and  parthenospores  aggregated  on  the  side  of  the  dish 
towards  the  lif.ht.  Suspensions  of  these  reproductive  cells  could  then  be  pipetted  into 
culture  dishes  containing  either  Erdschreiber  solution,  or  seawater  with  added  nitrates 
and  phosphates.  In  the  bottom  of  the  culture  dishes  were  placed  glass  coverslips,  glass 
slides,  or  other  substrates  upon  which  the  motile  cells  were  allowed  to  settle  in  the  dark. 
They  were  subsequently  transferred  to  culture  cabinets  kept  at  constant  temperature  and 
illuminated  from  above  by  fluorescent  tubes. 

Material  for  examination  under  the  Scanning  E.M.  was  generally  fixed, 
together  with  the  substrate,  in  Langlet  solution,  and  then  dehydrated  prior  to  being 
sprayed  with  gold  for  examination.  This  prefixed  and  predried  material  generally  gave 
better  results  than  when  living  material  was  sprayed  straightaway. 


3.  The  rate  of  germination  of  zoospores 


Zoospores  were  allowed  to  settle  on  glass  slides  placed  at  the  bottom  of 
culture  dishes  containing  Erdschreiber  solution.  The  dishes  were  kept  in  a  culture 
cabinet  at  10°C  and  were  supplied  with  light  of  approximately  4300  lux  from  overhead 
fluorescent  tubes  on  an  16  hour/8  hour,  light/dark  period.  At  daily  intervals  the 
■lides  were  removed  and  examined  under  a  light  microscope  for  visible  evidence  of 
germination.  On  settling,  the  zoospore  is  roughly  spherical  in  shape,  whereas  on 
germination  the  primary  rhizoid  can  be  teen  as  a  protuberance  growing  out  from  one  side 
(Fig.  la  and  b) .  Several  hundreds  of  zoospores  were  counted  on  each  slide  and  the 
percentage  which  had  germinated  was  calculated.  The  slides  were  replaced  in  the 
culture  smdium  and  the  same  ones  were  examined  and  counted  over  a  period  of  14  days. 

The  following  results  were  obtained: 


Time 

5  days 
7  ,, 

10  ,, 
1A 


Z  germination 

43Z 

51Z 

60Z 

70Z 


This  indicates  that  a  population  of  zoospores  which  had  been  liberated 
simultaneously  do  not  show  synchronous  growth  and  cell  division  when  kept  under  constant 
culture  conditions  of  light  and  temperature.  A  progressive  increase  in  the  numbers 
germinating  occurred  with  time. 
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Simultaneously  some  culture  dishes  of  settled  zoospores  had  been  covered  with 
dark  paper  so  as  to  obscure  all  light.  These  slides  were  again  examined  at  intervals 
for  visible  signs  of  germination.  After  14  days  in  total  darkness,  many  zoospores  were 
colourless  and  appeared  to  be  disintegrating.  A  small  number  had  put  out  a  rhizoidal 
protuberance  but  in  no  case  was  this  ever  seen  to  be  cut  off  by  a  distinct  cell  wall 
from  the  original  parent  cell.  The  viability  of  such  cells  which  had  been  kept  in  total 
darkness  was  tested  by  transferring  some  of  these  same  culture  dishes  to  the  light  regime 
of  the  other  dishes,  at  daily  intervala.  They  were  then  left  for  twenty  days  under  the 
light  regime  and  at  the  end  of  these  twenty  days  the  number  of  young  plants  which  had 
grown  was  counted.  Assuming  that  these  dishes  originally  would  have  yielded  the  same 
percentage  germination  as  the  previous  ones,  the  percentage  survival  was  calculated. 

After  10  days  in  continuous  darkness,  a  survival  rate  of  16. 7Z  was  obtained.  After 
more  than  10  days  in  continual  darkness,  only  an  occasional  thallus  survived. 


4.  The  effect  of  light  upon  the  direction  of  growth  of  the  primary  rhizoid 


Experiments  were  set  up  with  zoospores  plated  out  on  glass  slides  which  were 
placed  in  culture  dishes  kept  at  10°C  and  illuminated  from  one  side  only.  After  one 
week  the  direction  of  the  growth  of  the  rhizoidal  cell  was  determined  from  several  hundred 
zoospores.  The  following  percentages  were  obtained: 

Growth  towards  the  source  of  light  18. 3Z 

Growth  away  from  the  source  of  light  61. 3Z 

Growth  perpendicular  to  the  light  source  20. 4Z 


In  a  second  series  of  experiments  set  up,  the  direction  of  growth  of  the 
primary  rhizoid  was  determined  at  5,  7,  10  and  14  days  respectively.  The  following 
results  were  obtained: 


Towards  the  Away  from  Perpendicular  to 

Time  light  source  light  source  light  source 


5  days 

6Z 

81Z 

13Z 

7  days 

12Z 

73Z 

15Z 

10  days 

6Z 

87Z 

7Z 

14  days 

OZ 

96Z 

4Z 

These  results  show  that  the  primary  rhizoidal  cell  generally  grows  out  from  the  side  of 
the  zoospore  away  from  the  source  of  incident  light.  When  similar  samples  were  examined 
over  a  longer  period  of  time,  those  rhizoids, which  at  first  had  grown  towards  the  source 
of  light  or  perpendicular  to  it,  soon  curved  round  and  grew  away  from  the  light,  so  that 
after  14  days'  growth  practically  all  the  primary  rhizoids  were  growing  away  from  the 
light. 


5.  Growth  of  the  rhizoids  on  various  substrates 


For  the  following  observations  made  both  with  the  light  microscope  and  the 
Scanning  E.M.,  zoospores  and  zygotes  were  allowed  to  germinate  on  various  substrates  so 
that  the  growth  and  the  subsequent  development  of  the  rhizoidal  system  could  be  followed. 
Glass  is  commonly  used  as  a  laboratory  substrate,  but  it  differs  from  most  natural 
substrates  of  these  algae  in  that  it  it  completely  non-porous.  Plants  were  grown  on 
agar  made  up  in  sea  water  containing  additional  nitrates  and  phosphates.  This  was  a 
■oft  substrate  in  which  the  course  of  the  rhizoids  could  be  clearly  seen.  Harder 
substances,  such  as  films  of  paint,  with  and  without  antifoulants,  were  sprayed  in 
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thicknesses  of  lm  or  2mm  directly  onto  th«  E.M.  stubbs ,  and  thaae  wera  uaad  a*  substrata* 
on  which  tha  soosporas  could  sattla  and  geminate.  Nylon  fabrics  and  glass  fibre  ribbon 
ware  found  suitable  substrate*  to  examine  under  tha  Scanning  E.M.  as  also  too  were  shavings 
of  wood.  The  latter  could  also  ba  fixed  and  sectioned  for  examination  under  the  light 
microscope. 


Aa  in  most  species  of  marine  alga*,  growth  of  the  primary  rhizoid  of 
Enteromorpha  is  associated  with  the  production  of  extracellular  mucilage.  This  seem*  to 
be  produced  at  and  around  the  growing  apex.  Under  the  light  microscope  it  appears  as  a 
colourless  layer  surrounding  the  tip  of  the  rhizoid  and  if  sectioned  and  examined  under 
the  E.M.  it  appears  as  a  light  staining  layer.  Its  thickness  sometimes  equates  or  even 
exceeds  the  diameter  of  tha  rhisoidal  cell.  That  it  probably  serves  as  an  adhesive  is 
shown  by  the  fact  that  when  zoospores  ara  plucked  from  a  glass  surface,  it  is  the  intimate 
contact  of  this  mucilage  with  the  glaas  which  is  broken.  As  a  rhizoid  grows  and  advances 
through  a  substrate,  this  mucilage  gets  left  behind  as  a  thin  layer  all  around  it. 

If  the  zoospores  are  germinated  on  a  toft  clear  substrate  such  as  agar,  with 
light  coming  from  above,  then  the  rhizoid* ,  being  negatively  phototactic,  grow  straight 
down  into  it.  In  the  early  stages  of  growth,  the  rhizoid*  may  penetrate  far  deeper 
into  the  agar  than  the  thallut  extends  above  it  in  the  opposite  direction.  Rhizoids 
grown  on  agar  are  absolutely  straight,  unless  they  meet  another  rhizoid;  the  only  solid 
obstacle  to  be  encountered  in  such  a  substrate.  Then  there  is  an  inmediate  twisting  and 
coiling  of  the  rhizoids  around  each  other,  suggesting  perhaps  that  the  rhizoids  are 
sensitive  to  contact.  Whatever  substrate  other  than  glass  was  used,  the  primary  rhizoid 
always  grew  down  into  it.  Figures  l,f  and  2, a  show  primary  rhizoids  entering 
wood  and  nylon  fabric  respectively.  Always  tha  initial  production  of  the  primary 
rhizoid  teen*  to  raise  the  zygote  or  zoospore  up  above  the  substrate,  suggesting  that  a 
great  deal  of  physical  force  is  essential  for  the  initial  penetration  by  that  rhizoid. 

If  the  substrate  is  hard,  so  that  immediate  penetration  is  not  possible,  then  the  rhizoid 
may  spread  out  over  the  surface,  keeping  very  close  contact  with  all  its  irregular  contours, 
until  a  way  in  is  found.  In  woven  or  knitted  nylon  fabrics,  the  primary  rhizoid  could  be 
followed,  pursuing  a  tortuous  course  and  interweaving  between  the  fibres  of  the  fabric. 

In  some  experiments ,  the  zoospores  were  grown  on  glass  fibre  ribbon  approximately  1mm 
thick  which  was  suspended  in  a  dish  of  seawater.  Light  was  supplied  from  above,  while 
the  sides  and  bottom  of  the  dish  wera  enveloped  in  black  paper.  The  rhizoids  grew 
straight  through  the  fibre  glass  into  the  darkened  medium  and  hung  there  just  like  a  crop 
of  roots  developing  from  seedlings. 

When  grown  on  thin  films  of  paint,  the  tips  of  the  rhizoids  frequently 
burrowed  along  under  the  surface  (Fig.  l,c).  Small  cracks  represented  lines  of  weakness 
where  the  tip  could  penetrate  (Fig.  l,e).  Paint  films  containing  antifoulants  prevented 
germination  of  the  zoospores  (Moss  and  Woodhead)^.  No  growth  of  a  primary  rhizoid 

occurred  and  the  smooth  coat  of  the  normal  zoospore  was  thrown  into  irregular  folds 

(Fig.  l,d).  When  grown  on  shavings  of  pine  wood,  the  course  of  the  primary  rhizoid 
could  be  followed  easily  by  sectioning  the  substrate  and  examining  it  under  the  light 
microscope.  The  rhizoid  advanced  along  the  cavity  of  a  tracheid,  and  then  penetrated 
through  the  pita  into  neighbouring  tracheids,  the  pits  being  the  obvious  areas  of 
weakness.  The  diameter  of  the  rhizoid  was  generally  restricted  where  it  went  through 
the  pit  and  then  it  expanded  again  in  the  cavity  of  the  next  tracheid.  Plants  which 
had  been  growing  for  2  or  3  weeks  had  their  rhizoids  penetrating  well  down  inside  the 
tracheids  of  the  wood. 

The  growth  of  the  primary  rhizoid  is  soon  followed  by  others  which  originate 
as  tubular  outpushings  from  cells  near  the  upper  end  of  the  primary  rhizoid  and  also  from 

the  basal  cells  of  the  young  thallus  (Fig.  2,c).  They  radiate  out  around  the  base  of 

the  young  plant  and  eventually  all  of  them  penetrate  the  substrate  (Fig.  2,b).  This 
production  of  rhizoids  continues  throughout  the  life  of  the  plant,  so  that  eventually 
hundreds  of  them  are  developed  by  each  thallus.  They  interweave  and  make  a  complex 
anastomosing  system  over  the  surface  and  penetrate  down  into  the  substrate.  The  fact 
that  they  do  penetrate  the  substrate  may  have  drastic  effects.  Young  plants  growing  on 

wooden  jetties  can  be  seen  to  penetrate  the  vessels  or  tracheids  of  the  wood  for  a 
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considerable  distance.  Breaking  through  tha  call  walla,  or  through  the  thinner  regiona 
of  the  pita  In  tha  wood,  will  reault  in  tha  phyaical  breakdown  of  the  aurface  layera  of 
tha  wood  by  tha  rhiaoida.  Sanplea  from  ahipa  era  generally  ao  mixed  up  with  thick 
layera  of  paint  and  corroded  metal  that  the  couraa  of  individual  rhiaoida  ia  difficult 
to  follow.  But  on  a  metal  plate  which  had  been  coated  with  antifoulant  and  attached  to 
a  ahip  on  the  north-Atlantic  run,  the  early  atagei  of  algal  coloniaation,  and  the  damage 
thia  cauaed,  wera  clearly  viaibla.  A  aparaa  population  of  Ectocarpua  had  developed  on 
the  plate.  By  tha  time  the  plate  waa  received,  theae  plant*  had  dried  out  and  the  thalli 
had  been  tom  off.  But  tha  baaal  rhixoidal  ayatema  remained  and  the  darkened  circular 
arena  in  Figure  2,d  ahow  whare  the  rhiaoida  had  apread  out  from  the  baae  of  each  plant. 

Aa  a  reault  of  thia  rhizoid  penetration,  tha  paint  aurface  waa  raiaed  and  cracked,  and 
under  higher  magnification  with  tha  Scanning  E.M.  it  appeared  irregular  and  extremely 
pitted  (Fig.  2,e).  The  denaely  interweaving  rhiaoida  had  grown  through  the  paint  film 
and  through  tha  ailver  coloured  primer  which  had  been  applied  to  the  steel  plate.  Under 
thia  they  had  apread  out  in  a  roaette  in  cloae  contact  with  the  metal.  Each  rosette  of 
rhizoids  waa  aurrounded  by  tha  obvioua  atainmarks  of  corroaion. 


6.  Diacuaaion 


The  preliminary  experimenta  ahowing  that  in  a  population  of  awarmers  of 
Entaromorpha  there  ia  ataggering  in  the  timing  of  germination  means  that  if  they  settle 
on  the  side  of  a  ship  whilst  it  ia  in  port  theae  same  awarmers  may  show  no  macroscopic 
signs  of  growth  until  after  the  ship  has  made  perhaps  two  voyages  across  the  Atlantic. 
Whilst  many  zoospores  appear  to  remain  dormant  for  up  to  two  weeks,  even  when  supplied 
with  the  right  temperature  and  light  conditions,  others  germinate  immediately.  This 
would  mean  that  in  a  first  population  on  a  freshly  painted  ship  you  would  straightaway 
get  a  succeasion  of  development.  If  the  ahip  passed  through  unfavourable  conditions  for 
the  growth  of  Enteromorpha  at  one  stage,  then  it  ia  likely  that  some  other  developmental 
stages  might  persist.  The  fact  that  some  zoospores  could  remain  viable  in  the  dark  at 
10°C  for  10  days  is  an  obvious  advantage  to  a  species  colonising  ships.  If  the  ship  is 
drawn  up  alongside  a  quay  for  several  days  where  light  to  the  algae  is  restricted,  then 
thia  might  temporarily  restrict  their  growth.  When  the  ship  moved  away  again  so  that  the 
algae  were  in  direct  aunlight,  normal  growth  would  be  resumed.  The  length  of  time  during 
which  zoospores  remain  viable  is  considerably  shorter  than  that  recorded  for  many  brown 
algae,  e.g.  Kain  5  reported  that  zoospores  of  Laminaria  ap.  remained  viable  up  to  60  days 
in  total  darkness  at  10°C  and  Moss  and  Sheader  b  found  that  germinating  eggs  of  Halidrys- 
ailiquoaa  remained  viable  in  the  dark  for  up  to  120  days. 

After  the  initial  adherence  of  the  reproductive  cell  to  the  substrate,  the 
primary  rhizoid  grows  out  on  one  side,  away  from  the  source  of  incident  light.  This 
negative  phototactic  response  is  similar  to  that  of  the  primary  rhizoid  of  Fucus  and  many 
other  marine  algae.  It  means  that  the  rhizoid  behaves  like  the  root  of  a  higher  plant, 
and  grows  away  from  the  source  of  light,  down  into  the  substrate.  At  the  same  time,  the 
young  thallus,  like  the  shoot  of  higher  plants,  grows  out  in  the  opposite  direction  towards 
the  source  of  light  and  so  makes  for  maximum  photosynthetic  efficiency.  From  the  tip  of 
the  rhizoid,  copious  mucilage  is  produced,  and  undoubtedly  this  is  concerned  with  adhesion 
to  the  substrate.  But  as  the  rhizoid  advances  through  a  substrate,  this  mucilage  may  get 
left  behind  as  a  thin  outer  coating.  In  addition  to  adhesion,  perhaps  it  may  also  act  as 
a  lubricant  and  as  a  cementing  filler  lining  the  cavities  through  which  the  rhizoid  is 
penetrating. 

After  the  primary  rhizoid  penetrates  the  substrate,  and  as  the  thallus  grows, 
so  more  basal  rhizoids  are  produced.  These  spread  out  in  a  rosette-like  system  from 
the  base  of  the  young  plant  and  eventually  they  too  grow  down  into  the  substrate.  The 
production  of  these  basal  rhizoids  is  a  continuous  process  throughout  the  life  of  a  plant 
so  that  eventually  a  single  thallus  may  have  many  hundreds  of  rhizoids.  Each  rhizoid  is 
only  10pm  or  lets  in  diameter,  but  each  one  may  penetrate  several  millimetres  down  into 
the  substrate.  How  is  this  penetration  achieved?  The  present  observations  suggest  that 
mainly  physical  force  is  involved.  The  raising  of  the  reproductive  cell  above  the  surface 
and  the  manner  in  which  the  rhizoid  may  burrow  into  the  surface  layers  of  paint  films 
suggests  this.  Possibly  it  is  the  sensitivity  to  contact  which  enables  the  rhizoid  to 
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closely  adhere  to  end  to  follow  the  contours  of  an  irregular  hard  substrate,  until  a  crack 
or  line  of  weakness  is  found  for  penetration.  When  growing  on  a  substrate  of  wood,  it 
was  the  pita,  i.a.  the  weakest  point  in  the  cell  wall  thickening,  which  were  used  as  the 
points  through  which  the  apical  cell  of  the  rhizoid  could  penetrate  and  so  advance  from 
tracheid  to  tracheid. 

While  individual  rhizoids  are  siicroscopic  in  size,  the  combined  growth  of 
hundreds  of  them  from  a  single  plant  taay  lead  to  "blistering"  of  the  surface  of  the  paint. 
They  may  penetrate  through  the  paint  film  and  down  to  the  metal  surface.  If  they  are 
growing  on  wooden  jetties  or  quay  headings,  then  the  rhizoids  may  penetrate  several 
millimetres  down  below  the  surface  of  the  wood.  If  growing  on  a  ship,  then  the  rhizoids 
may  penetrate  through  the  paint  down  to  the  metal.  The  effects  of  the  rhizoids  boring 
into  a  substrate  may  not  be  as  dramatic  or  as  obvious  as  is  the  action  of  some  boring 
animals,  but  nevertheless  the  action  of  a  dense  population  of  algae  will  in  time  severely 
break  down  the  surface  layers  of  the  substrate  on  which  they  are  growing.  In  fact, 
these  algae  appear  to  be  active  bio-deteriorants. 

The  algae  on  a  ship  may  also  be  the  initial  sites  of  corrosion.  When  the 
rhizoids  penetrate  the  paint  and  meet  the  resistant  hard  metal,  they  may  spread  out 
over  this  in  a  rosette  shape.  When  the  thalli  of  such  plants  reproduce  and  disintegrate, 
the  basal  rhizoids  will  remain  behind.  Then  they  could  act  like  a  candlewick,  absorbing 

seawater  and  carrying  it  down  directly  to  the  metal  surface.  If  the  rhizoids 
disintegrate  completely,  then  the  minute  capillary  channels  which  they  formerly  occupied 
would  become  filled  with  seawater.  So  that  these  sites  of  colonisation  by  the  algae 
could  become  points  for  the  initial  corrosion  of  the  metal  below. 
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The  experiments  described  at  the  beginning  of  this  paper  were  carried  out  by 
P.  Woodhead  during  the  tenure  of  a  research  studentship  donated  by  British  Paints  Ltd. 


Summarized  Discussion 

In  reply  to  the  question  whether  there  was  any  evidence  of  penetration 
by  other  than  mechanical  effects,  specifically  enzyme  attack,  the  author 
said  that  there  was  no  evidence  for  this,  and  that  the  observations  suggest 
that  the  penetration  is  purely  physical.  In  answer  to  another  question,  the 
author  stated  that  the  mucillage  was  not  analyzed— because  of  the  small 
amount  of  material,  analysis  would  be  difficult— but  one  would  expect 
differences  among  the  green,  brown,  and  red  algae  which  synthesize  different 
metabolites. 

In  reply  to  queries  about  the  depth  of  penetration  of  rhizoids,  the 
author  said  that  no  definite  figure  could  be  given  since  it  depends  on  so 
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many  factors.  In  substrates  such  as  wooden  piles  and  jetties  one  can 
find  them  several  millimeters  down,  but  not  inches.  They  would  penetrate 
a  coat  of  antifouling  paint;  she  would  not  like  to  put  a  definite  figure 
to  the  thickness  of  the  paint,  but  it  was  of  the  order  of  one  millimeter. 


Figure  2.  a)  Entry  of  the  primary  rhizoid  between  nvlon  fibres 

b)  Development  of  two  more  rhizoids  from  base  of  the 
thallus.  c)  extensive  rhizoid  svstem  of  an  older  plant,  a,  b  and  c  x  approx.  1000. 
d)  discolouration  and  blistering  of  paint  surface  by  rhizoids  from  individual  plants  x 
approx.  30.  e)  portion  of  (d)  showing  "pitting"  and  damage  to  paint  as  seen  under  the 
Scanning  E.M.  x  approx.  200. 
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Corrosion  md  Fouling  of  an  Instrumented  Array  at  a  600-Foot  Ocean  Site 
Joseph  R.  Padilla  and  James  S.  Muraoka 

Naval  Civil  Engineering  Laboratory 
Port  Hueneme,  California  03043 

This  report  presents  data  obtained  at  a  183-meter  site  in  the  Santa  Barbara 
Channel  by  the  deployment  of  three  instrumented  arrays  and  discusses  the  effects  of 
fouling  and  corrosion  on  the  arrays.  Each  array  consisted  of  three  current  meters 
placed  at  182-,  90-,  and  1 5.5-meter  depths  and  supported  by  an  aluminum  buoy. 

Each  array  was  anchored  by  a  concrete  block  to  which  test  panels  of  wood  (Douglas 
fir),  plastics,  creosote-impregnated  concrete,  and  rope  specimens  were  secured.  The 
arrays  were  deployed  for  6-month  periods  starting  in  January  1970,  August  1970, 
and  August  1971.  Severe  corrosion  occurred  on  the  current  meters  of  the  first  array. 

Fouling  reduced  the  useful  data  from  the  15.5-meter  instrument  to  only  44  days;  the 
other  meters  functioned  throughout  the  deployment  period.  Corrosion  of  array  num¬ 
ber  two  was  completely  arrested  by  the  use  of  zinc  anodes.  A  new  instrument  was  used 
on  array  number  three  at  the  182-meter  position  to  record  current  speed  and  direction, 
conductivity,  pressure,  temperature,  and  time  for  each  15  minutes  throughout  the 
deployment,  but  corrosion  of  this  instrument  prevented  the  collection  of  current  data. 

Current  speeds  for  all  three  arrays  averaged  0.12  m/sec  at  15.5  meters,  0.075  m/sec  at 
90  meters  and  0.057  m/sec  at  182  meters.  Mean  current  direction  varied  between  270 
and  299  degrees.  Barnacles  were  found  attached  to  the  aluminum  buoys  and  concrete 
anchor  blocks;  hydroids  and  other  fouling  organisms  covered  instruments  that  were 
not  protected  by  antifouling  paints  but  were  not  found  on  concrete  panels  or  on 
instruments  that  were  coated  with  antifouling  paints.  Wood  panels  were  riddled  by 
borers,  including  Xylophaga  washingtona  and  Bankia  setacea;  plastic  panels  were  free 
of  growth  but  sustained  damage  from  borers  on  parts  adjacent  to  wood  panels.  Rope 
specimens  were  subjected  to  tensile  strength  tests.  The  strength  of  nylon  rope  decreased, 
that  of  polyc  ,ur  rope  remained  the  same,  and  the  strength  of  polyethylene  and  polypro¬ 
pylene  rope  increased. 

Key  Words;  Fouling;  sea  water  corrosion;  marine  borers;  barnacles; 

Xylophaga  washingtona',  Bankia  setacea;  arrays;  current  meters. 

— 

Introduction 

In  1970  the  Navy  undertook  a  project  to  evaluate  the  technology  of  underwater  construction.  The  project, 
called  SEACON  (an  acronym  for  SEAfloor  CONstruction  experiment),  consisted  of  20  different  experiments  to 
evaluate  hardware  and  new  techniques  in  use  or  under  development  at  the  Naval  Civil  Engineering  Laboratory  in  the 
area  of  ocean  engineering  (I).1  The  goal  was  to  emplace  a  concrete  foundation  on  the  seafloor  and  later,  through  a 
guideline  system,  place  a  concrete  structure  on  top  of  this  foundation.  As  in  any  construction  experiment,  a  site 
investigation  was  necessary  to  choose  a  site;  and  once  chosen,  to  predict  and  analyze  the  performance  of  the  struc¬ 
ture  and  foundation  to  be  placed  on  the  seafloor.  The  site  chosen  was  in  the  Santa  Barbara  Channel,  some  6  miles 


1  Figures  in  parentheses  indicate  the  literature  references  at  the  end  of  this  paper. 
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(11.1  km)  south  of  Santa  Barbara,  California,  at  34°17'H"N  latitude.  119°42'47'’W  longitude.  A  water  depth  of 
600  feet  (183  m)  was  chosen  in  order  to  push  the  technology  beyond  scuba  diving  capability  and  beyond  the  100- 
to  200-foot  (approximately  30-  to  61 -m)  depths  which  have  seen  so  much  construction  that  they  can  be  considered 
state  of  the  art.  Figure  1  shows  the  location  of  the  construction  site. 

Few  environmental  data  existed  in  ’he  literature  for  this  site  when  the  survey  was  started.  In  addition  to 
collecting  short-term  data  at  the  site  by  such  means  as  bathythermographs,  water  sampling  and  visual  observations 
of  the  sea  conditions,  NCEL  decided  to  gather  some  long-term  environmental  data  prior  to,  and  during  the  period 
the  concrete  structure  was  on  the  bottom.  This  paper  deals  with  the  corrosion  and  fouling  of  instrumented  arrays 
while  deployed  at  the  site  over  a  2-year  period. 


Materials  and  Method 


Test  Arrays 

Array  Number  One.  The  first  array,  deployed  on  January  28,  1970,  consisted  of  three  Richardson  type 
current  meters  programmed  to  record  current  speed  and  direction  on  film  and  on  magnetic  tape  at  30-minute 
intervals  for  a  6-month  period.  The  meters  were  placed  at  the  bottom  (182  meters),  mid  depth  (90  meters),  and 
near  the  top  of  the  array  (1 5.5  meters  below  the  surface).  The  array  with  the  meters  was  suspended  with  an  alumi¬ 
num  subsurface  buoy  and  held  in  place  by  a  2x  3  x  3-foot  (0.61  x  0.915  x  0.9 15-m)  1,783-pound  (807-kg)  concrete 
anchor  block  as  shown  in  Figure  2.  The  meters  are  designed  to  take  an  in-line  loading,  but  because  of  failures  of  the 
tie  rods  during  retrieval  the  meters  were  mounted  in  specially  designed  brackets.  Three-eighths-inch  (9.52  mm)  wire 
rope  was  used  between  the  meter  mounting  brackets.  Figure  2  shows  a  38-inch  (0.965  m)  diameter,  6061 -T6  alumi¬ 
num  buoy  which  was  sand  blasted  and  painted  orange;  the  wire  rope  of  6  x  1 9  construction,  greased;  and  the  steel 
meter  mounting  brackets  which  were  sand  blasted  and  painted  with  zinc  powder  paint.  The  concrete  anchor  block 
was  used  also  to  support  test  samples  for  biodeterioration  and  fouling  studies.  On  this  first  array  only  one  slab  of 
creosote  impregnated  concrete  was  tied  to  the  lifting  eye  of  the  concrete  anchor  block. 

Array  Number  Two.  After  consultation  with  the  manufacturer  of  the  meters,  several  steps  were  taken  to 
improve  upon  the  design  of  array  number  one.  On  28  August  1970  the  second  array  was  deployed  in  essentially 
the  same  arua  (34°17'15.5"N,  119°42'47.5"W)  1,000  feet  (305  m)  from  the  site  of  the  first  array.  Figure  1  shows 
the  location  of  this  array  and  the  other  two  array  locations.  This  array  was  basically  the  same  design  as  array  number 
one,  with  a  subsurface  buoy,  anchor  weight,  and  the  three  current  meters. 

One  of  the  changes  incorporated  into  the  second  array,  as  a  result  of  array  number  one's  performance,  was  to 
paint  the  same  subsurface  aluminum  buoy  with  zinc  powder  paint.  Because  gray  is  difficult  to  distinguish  by  divers, 
two  6-inch  (152.4  mm)  white  stripes  were  painted  around  the  buoy.  In  addition,  the  meters  were  isolated  from  the 
steel  brackets  and  shackles  by  nonferrous  micarta-like  isolators.  Also,  1 -pound  (0.453-kg)  MIL-SPEC  zinc  anodes 
were  mounted  on  the  meters,  as  shown  in  Figure  3.  Mounting  rods  of  aluminum  were  used  to  connect  the  major 
portions  of  the  meter  to  the  anode  electrically.  The  anodizing  on  the  meter  case  parts  was  machined  off  to  permit 
metal-to-metal  contact  for  electrical  continuity  for  proper  anode  performance.  A  copper  base  antifouling  paint  was 
applied  to  the  rotor  and  vanes  and  the  housing  surrounding  these  parts.  This  was  done  for  the  meter  which  would 
be  placed  at  the  top  of  the  array  only.  The  concrete  anchor  block  was  modified  with  aluminum  brackets  to  permit 
the  mounting  of  additional  samples  of  wood,  acrylic  and  creosote  impregnated  concrete  test  panels.  These  are  shown 
in  Figure  4. 

Array  Number  Three.  The  acquisition  of  a  new  digitizing  instrument  capable  of  recording  current  speed, 
current  direction,  water  temperature,  pressure,  and  conductivity  data  influenced  the  design  of  array  number  three. 
This  time  the  changes  were  minor  because  of  the  good  results  obtained  from  array  number  two.  The  new  meter  was 
placed  at  the  bottom  of  the  array  to  obtain  the  additional  parameters  which  would  be  of  more  value  at  the  level  of 
the  concrete  structure.  This  meter  was  delivered  with  an  anode  mounted  on  one  end  of  the  meter.  Anodes  were 
also  attached  to  the  ends  of  the  stainless  steel  tie  rods.  The  use  of  anodes  on  the  tie  rods  is  questionable,  especially 
if  they  are  designed  to  protect  the  tie  rods  from  crevice  corrosion  failures  under  rubber  standoffs.  This  meter  was 
not  mounted  in  the  special  bracket  for  the  deployment,  but  the  isolators  were  used  to  separate  it  from  the  steel 


49 


hardware  and  wire.  The  mid-depth  and  top  meters  were  the  same  ones  used  previously.  The  two  top  meters  were 
programmed  to  record  data  at  30-minute  intervals  for  208  days,  and  the  new  meter  at  15-minute  intervals  for  240 
days.  The  meters  and  the  buoy  needed  no  refurbishment  other  than  a  washing  to  remove  the  previous  biological 
growth.  Wood,  ropes,  plastic,  acrylic,  and  concrete  test  panels  were  again  attached  to  the  bottom  concrete  anchor 
block.  Due  to  delays  in  the  emplacement  of  the  main  experiment  (the  concrete  structure),  array  number  three  was 
not  deployed  until  28  August  1971. 

Test  Panels  for  Fouling  and  Biodeterioritlon 

The  antifouling  concrete  test  panels  which  were  exposed  at  this  site  were  prepared  by  saturating  lightweight 
expanded  shale  aggregates  with  a  chemical  solution  composed  of  a  mixture  of  (1 )  creosote  oil,  (2)  tributyltin  oxide, 

(3)  pentachlorophenol,  and  (4)  malachite  green  (water  and  oil  soluble).  The  chemically  saturated  expanded  shale 
aggregates  were  then  mixed  in  a  cement  mortar  and  cast  in  a  wood  mold  to  form  a  1  x  6  x  1 2-inch  (25.4  x  1 52.4  x  304.8- 
mm)  panel  (2).  The  concrete  anchor  block  served  as  the  control  block. 

The  various  plastic  panels  which  were  exposed  at  this  site  are  listed  in  Table  1.  A  1/4  x  2  x  3-1/2-inch  (6.35  x 
50.8  x  88.9  mm)  wood  piece  (Douglas  fir)  was  placed  between  each  plastic  panel  to  serve  as  a  spacer  and  as  a  wood 
bait  piece.  The  panels  were  fastened  together  with  a  type  316  stainless  steel  bolt.  The  assembled  plastic  and  wood 
panels  were  then  secured  vertically  to  a  1/2-inch  (1 2.7  mm)  thick  aluminum  bar  attached  to  the  side  of  the  concrete 
anchor  block  as  shown  in  Figure  4.  The  panels  were  exposed  approximately  1  meter  above  the  bottom  sediment.  A 
hardness  test  was  conducted  before  and  after  exposure  using  a  Durometer  IASTM  D1484).  The  results  of  this  test  are 
presented  in  Table  1 . 

The  synthetic  rope  specimens  exposed  at  this  test  site  are  listed  in  Table  2.  An  eye  was  spliced  at  each  end  of 
the  rope  specimens  so  that  a  tensile  strength  test  could  be  performed  upon  recovery.  These  2-foot  (0.61  -m)  lengths  of 
rope  were  secured  to  the  concrete  anchor  block. 


Results  and  Discussion 


First  Array  (January  1970-July  1970) 

Corrosion  and  Fouling.  The  first  array  was  retrieved  on  23  July  1970,  1 76  days  after  implant.  This  provided 
the  first  long-term  corrosion  and  fouling  data  as  well  as  current  data  for  the  site  (Figure  5).  Corrosion  of  the  meters 
was  severe  at  all  depths,  but  the  worst  damage  occurred  on  the  top  meter.  The  aluminum  pressure  cases  did  not  leak, 
but  several  parts  of  each  meter  had  to  be  replaced  because  the  integrity  of  the  part  was  questionable  for  another 
deployment.  The  severe  pitting  and  corrosion  was  obviously  due  to  the  use  of  steel  brackets,  wire,  and  hardware 
directly  connected  to  the  aluminum  meter  cases.  The  screw-in  anodes  supplied  with  these  meters  failed  to  function. 
Figure  6  shows  the  area  where  the  anode  was  screwed  into  the  case.  An  analysis  of  the  composition  of  these  anodes 
showed  them  to  be  standard  zinc  castings  with  impurities  rather  than  pure  zinc,  which  may  account  for  the  poor 
performance  and  effect  as  shown  in  Figure  7. 

The  greatest  detrimental  influence  on  the  primary  function  of  the  array,  that  is,  the  collection  of  environmental 
data,  was  from  fouling.  All  three  meters  and  the  wire  had  some  degree  of  hydroid  growth  when  retrieved  after  176 
days.  The  current  meter  brackets,  on  the  other  hand,  were  free  of  growth.  This  is  attributed  to  the  zinc  powder  paint 
which  was  used  to  a  greater  degree  in  the  second  array  as  a  result  of  the  performance  of  the  first  array.  The  top  meter 
(15.5  meters)  experienced  such  severe  fouling  attachment  of  hydroidsand  barnacles  that  the  direction  indicator  vane 
ceased  to  turn  with  changes  in  current  direction  (Figure  8).  The  complete  "stop"  condition  occurred  54  days  after 
implant,  with  the  actual  influence  on  the  current  data  occurring  only  44  days  after  implant.  With  Savonius  rotors, 
the  speed  data  from  these  meters  was  greatly  influenced  in  the  low  velocity  area  by  the  marine  growth  which  increased 
the  weight  and  unbalanced  the  rotor.  It  should  be  noted  that  the  rotor  and  vane  of  this  top  meter  were  not  protected 
with  antifouling  paint,  whereas  the  lower  two  meters  were. 

Fouling  and  Biodetarioration.  Numerous  barnacles  (Balanus  tintiniutbulum,  Halanus  concavus  pacificus,  and 
Balanus  nubilus )  were  found  attached  to  the  aluminum  buoy  which  was  exposed  about  14  meters  below  the  surface 
of  the  sea.  During  growth,  the  shells  of  several  of  these  barnacles  had  penetrated  the  protective  coating  as  shown  in 


Figure  9.  The  antifouling  concrete  test  panels  exposed  near  the  seafloor  were  free  of  any  marine  growth.  However, 
growing  on  the  concrete  anchor  block,  which  served  as  the  control  block,  were  traces  of  hydroids  and  approximately 
25  small  goose  barnacles,  Scalpellum  osseum. 

Second  Array  (August  197C-Oecember  1970) 

Corrosion  and  Fouling.  Ship  schedules  demanded  an  early  retrieval  of  array  number  two  after  only  128  days. 
The  corrosion  and  fouling  performance  of  array  number  two  was  markedly  improved  over  that  of  array  number  one. 
The  aluminum  subsurface  buoy  showed  no  further  pitting,  and  the  only  growth  was  on  the  white  stripes.  The  meters 
also  were  devoid  of  corrosion  this  time,  and  it  was  obvious  from  the  shape  of  the  zinc  anodes  that  they  were  perform¬ 
ing  as  they  should.  The  growth  on  all  three  meters  was  less,  which  is  a  result  of  the  shorter  immersed  hme  and  the 
different  time  of  year  that  the  ineters  were  in  the  water.  The  water  was  warmer  during  the  period  the  second  array 
was  deployed  than  when  the  first  array  was  deployed;  the  current  patterns  were  essentially  the  same  (Figure  10). 

The  rotor  and  vane  areas  on  all  three  meters  were  devoid  of  any  growth  of  any  consequences,  even  though  the  top 
meter  again  had  considerable  growth  on  other  parts.  The  wire  rope  used  in  array  number  two  was  the  same  as  in 
array  number  one.  It  was  beginning  to  show  some  surface  corrosion,  but  could  conceivably  have  been  used  a  third 
time. 


Fouling  and  Biodeterioration.  The  antifouling  concrete  panels  were  free  of  any  marine  growth.  The  concrete 
anchor  block  which  served  as  a  control  block  was  also  free  of  marine  growth  except  for  a  trace  of  hydroid  attachment. 
Upon  recovery,  the  surface  of  the  chemically  treated  panels  became  covered  with  creosote  oil.  The  oil  oozed  out  of 
the  expanded  shale  aggregate  panels  as  they  expanded  when  exposed  to  the  warmer  atmospheric  condition  aboard 
ship.  The  surface  of  a  clear  acrylic  plastic  panel  was  covered  with  a  thin  layer  of  slime  growth  together  with  a  fine 
bottom  sediment.  The  visibility  was  considered  good  through  the  plastic  panel  as  shown  in  Figure  1 1 .  The  informa¬ 
tion  on  fouling  of  acrylic  plastic  was  of  interest  because  this  material  was  used  as  a  window  in  the  SEACON  structure 
and  on  other  undersea  structures.  Numerous  molluscan  wood  borers,  Xylophaga  washingtona,  were  found  inside  a 
Douglas  fir  panel.  The  shells  of  the  largest  borer  measured  about  1 /4-inch  (0.635  cm)  in  diameter.  Other  species  of 
fouling  organisms  normally  found  attached  to  materials  exposed  at  the  surface  of  the  sea  such  as  acorn  barnacles, 
mussels,  tubeworms.  and  bryozoans  were  not  found  on  test  panels  exposed  at  this  depth. 

Third  Test  Array  (August  1971-February  1972) 

Corrosion  and  Fouling.  The  third  array  was  retrieved  on  February  25,  1972,  exactly  186  days  after  emplace¬ 
ment.  The  new  current  meter  at  the  bottom  provided  at  least  6  months'  data  of  temperature,  pressure  (even  though 
it  remained  at  one  depth),  and  conductivity  for  the  site.  These  data  are  listed  in  Table  3.  The  current  velocity  data 
are  questionable  in  view  of  past  data  and  the  problem  is  being  looked  into.  Upon  retrieval,  the  rotor  was  found  to 
be  loose  in  its  housing,  that  is,  no  longer  in  the  small  screw-type  cup  bearings.  A  closer  examination  disclosed  that 
the  bearing  on  one  end  plate  was  missing,  the  end  plate  which  had  the  anode  mounted  to  the  outer  side.  In  spite  of 
this,  the  area  around  the  bearing  corroded  and  the  bearing  fell  out.  The  threads  were  no  longer  visible.  Corrosion 
was  not  severe  on  the  meter,  but  the  housing  around  the  rotor  had  some  deep  pitting  on  one  of  the  rods.  The  other 
end  of  the  meter,  approximately  2  meters  away  from  the  anode,  also  showed  some  localized  pitting.  The  refurbish¬ 
ment  can  be  considered  minor  compared  to  the  meters  whici ;  were  emplaced  for  almost  the  same  length  of  time  and 
at  the  same  time  of  year  on  array  number  one.  The  other  parts  of  the  array  were  in  excellent  condition  when 
retrieved.  The  top  meter  again  had  severe  marine  growth  except  on  the  rotor  and  vane  housings  end,  which  had 
been  coated  with  antifouling  paint. 

Fouling  and  Biodetarioration.  The  general  condition  of  the  test  specimens  soon  after  recovery  is  shown  in 
Figure  12. 


Concrete  Panels.  The  antifouling  concrete  test  panels  were  again  free  of  marine  growth.  The  concrete 
anchor  block  which  served  as  control  was  also  free  of  marine  fouling  except  for  some  hydroid  growth.  Goose  barnacles 
which  were  found  on  this  concrete  block  during  the  first  test  array  were  not  found  on  it  during  this  test  period.  Shortly 
after  recovery  of  the  treated  panel  the  surface  became  covered  with  an  oily  coating  of  creosote. 
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Wood  Panels.  1  he  wood  panels  (Douglas  fir)  which  served  as  spacers  between  the  plastic  panels  were 
riddled  with  two  types  of  molluscan  wood  borers,  Xylophaga  washingtona  and  Bankia  setacea.  Finding  Bankia  setacea 
(Figure  13),  a  shallow  water  borer,  in  wood  panels  exposed  at  ~  182  meters  wa.  surprising.  The  wood  panels  which 
were  in  contact  with  the  antifouling  concrete  panels  were  free  of  borer  attack.  The  wood  had  absorbed  enough  toxic 
chemicals  from  the  antifouling  panels  to  render  these  immune  from  any  borer  attack. 

Plastic  Panels.  Exposed  at  ~  1 82  meters,  the  plastic  panels  were  free  of  marine  growth  such  as  barnacles, 
mussels,  tube  worms,  and  bryozoans  normally  found  at  the  surface.  However,  the  surfaces  of  the  plastic  panels  were 
light'v  covered  with  branches  of  thin,  threadlike  tentacles  of  hydroids.  A  thin  layer  of  slime  growth  together  with  a 
fine  bottom  silt  were  present  on  the  surface  of  these  panels.  The  visibility  through  a  1/4-inch  (0.635  cm)  acrylic  panel 
was  considered  jood  as  is  shown  in  Figure  14,  Although  the  plastic  panels  were  essentially  free  of  marine  growth,  light 
to  moderate  borer  damage  was  sustained  by  all  of  the  panels  under  the  area  where  a  wood  panel  was  in  contact  with 
the  plastic  surface.  The  borers  present  in  the  wood  had  continued  to  bore  into  the  piastic  producing  numerous  pit-like 
holes  over  the  surface  as  shown  in  Figure  1 5.  The  result  of  a  hardness  test  on  plastic  specimens  after  continuous  sub¬ 
mergence  for  186  days,  is  presented  in  Table  1. 

Rope  Specimens.  The  rope  specimens  (nylon,  polyethylene,  polypropylene,  and  polyester)  were 
essentially  free  of  marine  fouling  except  for  some  slime  growth  over  the  ropes.  A  tensile  strength  test  was  conducted 
on  the  recovered  rope  specimens  (wet)  to  determine  the  effects  of  the  ocean  environment  on  synthetic  rope  fibers. 

The  results  of  this  test  are  presented  in  Table  2.  The  breaking  strength  data  of  ropes  which  had  not  been  exposed  in 
seawater  (control)  is  also  presented  for  comparison. 

In  general,  the  exposed  nylon  ropes  decreased  in  tensile  strength;  the  polyester  ropes  remained  about 
the  same;  and  the  polyethylene  and  polypropylene  ropes  increased  in  strength.  Similar  results  were  obtained  on 
synthetic  opes  exposed  for  a  period  of  6  months  at  a  depth  of  2,500  feet  (7.62  x  102  m)  off  the  coast  of  Southern 
California  (3). 


Summary  and  Conclusions 

Three  current  meter  arrays  were  used  as  the  source  of  data  on  corrosion,  fouling,  and  biodeterioration  of 
materials  for  the  SEACON  project.  Very  severe  corrosion  and  fouling  were  found  on  the  first  array,  deployed  for 
176  days.  The  corrosion  of  the  aluminum  current  meter  cases  was  arrested  by  using  zinc  anodes  and  isolators  to 
separate  the  instruments  from  the  steel  brackets  and  wire.  The  fouling  by  marine  organisms,  most  prevalent  at  th:' 
uppermost  (15.5-meter  depth)  instrument,  was  arrested  by  using  cuprous  antifoul  nq  paint  on  the  rotor  and  vane 
sections  of  the  current  meters.  Zinc  powder  paint  eliminated  fouling  of  the  alum  >m  subsurface  buoy. 

Current  speed  and  direction  data  were  recorded  at  three  depths.  1 5.5  meters,  90  maters,  and  1 82  meters.  The 
mean  speeds  for  these  depths  wore  0.2  knot  (0.1  meter /sec),  0.2  knot  (0.1  meter/sic)  and  0.1  knot  (0.05  meter/sec, 
respectively.  The  mean  direction  of  the  current  was  within  a  30°  quadrant  (270°-300°)  at  all  depths.  Long-term 
data  collection  with  instruments  having  sophisticated  electronics  and  external  moving  parts  is  a  difficult  task.  The 
judicious  use  of  cathodic  protection  and  antifouling  coatings  is  necessary  in  the  ocean,  especially  in  these  relatively 
shallow  depths. 

It  was  found  that  materials  and  instruments  exposed  near  the  surface  of  the  sea  at  this  particular  location  will 
become  fouled  primarily  with  hydroids,  barnacles,  and  tube-dwelling  amphipods.  Growth  of  these  marine  organisms 
on  critical  parts  of  oceanographic  instruments  such  as  rotor  or  vane  sections  of  a  current  meter  will  result  in  malfunc¬ 
tioning  of  the  instrument  and  the  collecting  of  inaccurate  data.  Applications  of  antifouling  coatings  will  protect 
instruments  from  fouling  attachments. 

Materials  such  as  plastic,  rope,  wood,  and  antifouling  concrete  were  exposed  near  the  seafloor  (182-meter  depth) 
in  the  Santa  Barbara  Channel  for  varied  periods  of  time  to  determine  the  effects  of  marine  organisms. 

Plastic,  rope,  and  concrete  specimens  were  essentially  free  of  fouling  growth  when  exposed  8t  this  location. 
However,  wood  panels  wore  riddled  by  molluscan  borers.  These  borers  also  caused  damage  to  the  plastic  specimens 
in  the  areas  where  a  wood  panel  was  in  direct  contact  with  the  plastic.  The  tensile  strength  of  nylon  decreased,  and 
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polyester  rope  specimens  remained  about  the  same  while  the  tensile  strength  of  polypropylene  and  polyethylene 
specimens  increased. 
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Table  1.  Results  of  Tests  on  Plastic  Panels  Exposed  at  SEACON  Site1 


I 


Size  in  Inches 
(mm) 

Hardness  Test* 

Materials 

Before  Exposure 
(Dry) 

After  Exposure 
(Wet) 

1/8x6x12 

Acrylic,  "G" 

90.0 

88.0 

(3.175x152.4  x  304.8) 

Nylon,  6 

79.3 

63.0 

Polyethylene 

47.6 

47.6 

Polycarbonate 

84.6 

83.6 

Polypropylene 

74.3 

75.0 

Polyvinyl  Chloride 

85.0 

85.0 

Polystyrene 

84.0 

83.0 

Phenolic  Laminate  Grade  XXX 

94.6 

92.0 

Vinyl,  pp,  rigid 

85.0 

84.3 

1/16x4x12 

Polyurethane 

95.0* 

94.0* 

(1.587x101.6  x  304.8) 

Tetrafluoroethylene 

55.0 

55.0 

5/16x6x12 

(7.94x152.4x304.8) 

Vinyl,  black,  pp,  rigid 

81.3 

81.3 

1/16x6x12 
(1.587x152.4  x  304.8) 

Vinyl,  pm,  rigid 

85.0 

85.0 

1  Third  Array  Test. 

1  Durometer  "D"  ASTM  D1484. 
■*  Durometer  "A"  ASTM  01484. 


Note:  These  panels  were  essentially  free  of  marine  growth  except  for  deposits  of  primary  film, 
fine  silt  and  thin  threadlike  tentacles  of  hydroids.  All  of  the  test  panels  were  damaged 
by  borers  under  an  area  where  a  wood  piece  was  in  contact  with  the  plastic. 


Table  2.  Results  of  Tests  on  Breaking  Strength  of  Rope  Specimens* 


Rope  Materials* 

Breaking  Strength 

n  Pounds  (kg)-* 

Unexposed  Specimens 

Exposed  Specimens 

Polypropylene 

1137 

1395 

(515) 

(632.5) 

Polyethylene 

102T 

1190 

(461 

(530) 

Polyester 

1536 

1500 

(696) 

(680) 

Nylon 

1515 

1262 

(687) 

(572) 

■*  All  ropes  1 /4-inch  (6.35  mm)  diameter. 
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*  Exposed  for  186  days. 

*  Average  of  two  ropes. 
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Table  3.  Temperature  and  Salinity  at  182-Meter 
Depth  (or  6-Month  Period 


Month 

(1971) 

Temperature  Range 
Kelvin 

Salinity 

o/oo 

September 

282.3-282.7 

34.65 

October 

282.1-282.8 

34.75 

November 

281.9-282.7 

34.50 

December 

281.6-282.6 

34.55 

January 

281.6-282.9 

34.50 

February 

278.3-282.6 

37.0 

Ftgurt  1.  SEACON  tit* — location  of  imtrumtnt  arrayf  1,  2  and  3. 
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Figure  2.  Instrument  array*  as  deployed. 


Figure  3  Current  meter*  for  errey  number  two  with  1  pound  Figure  4.  Pteftic,  entifouling  concrete  end  wood  specimen* 

(0.434  kg)  line  anode*.  secured  to  t  concrete  anchor  Mock.  Recovered 

after  1 28  day*  at  600  feet  (182  m). 
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Figure  a.  Corrosion  of  current  meter  and  plate  around  tcrew-in 
anode.  Anode  shown  n  approximately  30%  expended 
after  1 76  day!  in-iitu. 


Figure  7.  Corrolion  product!  on  current  meter  end  plate  deployed 
approximately  IS  me  ten  below  surface  after  1 76  days. 


Figure  8.  Hydroidi  and  barnacles  growing  on  rotor  and  vane 
sections  of  a  current  meter  exposed  near  the  surface 
of  the  sea  116.5  m). 


Figure  9.  Protective  coating  of  an  aluminum  buoy  penetrated  by 
turnaclc  shells. 
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Figure  10.  Current  ipetd  «nd  direction  data  for  three  metert  deployed  128  deyt  et 
life  number  two. 


Figure  11.  Visibility  through  «  1/4-inch  (6.2S  mm)  thick  acrylic 
plastic  plate  (128  days  in-situ). 


Figure  1 2.  Plastic,  antifouling  concrete  and  rope  specimens  secured 
to  a  concrete  anchor  block.  Recovered  after  186  days  in 
the  tea. 


aaabeggaaaaargkkllijllai 
aaabeiiaaaaaftkkllljlla 
aaabcllaeaaafgkkllikllai 
atiafecJgaaaaaf  gkklllklta 
'aaaaaaprrraaattttaavaay 
anaaaaprrraaattttaavagy 
aaaaaaprrra'attttaawvgy 
HRaaaoprrraaattttaairviy 
*  <  1  J  i  «  SI7Mg||s>AHlt;; 
111IJ«5l7«|gOIC'AP!I»;; 
111  J  J4  5l7IH0IC'AMil;; 


Figure  13.  Fir  panel  riddled  with  mollincan  wood  borers,  Xylophaga  Figure  14.  Acrylic  test  panel  with  visibility  only  partially  marred 
washingtona.  and  Bantu  rel.icea.  (two  elongated  tunnels)  by  hydroid  growth.  Pit-like  holes  made  by  borers  under 

from  182-meter  depth.  »  wood  bait  piece  (186  days  in-situ.  182  meters). 
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The  Corrosion  of  Mild  Steel  by  a  Marine  Strain  of  Desulfovlbrlo 


Warren  P.  Iverson 

National  Bureau  of  Standards 
Washington,  D.C.  20234 


A  marine  strain  of  Desulfovlbrlo  was  isolated  from  steel  piling 
detritus  at  Dam  Neck,  Virginia.  A  medium  which  provided  good  surface 
growth  on  2\  agar  plates  in  a  hydrogen  atmosphere  was  developed  (Tryp- 
ticase,  IS  gm;  Phytone,  S  gm;  NaCl,  5  gm;  seawater,  1000  ml).  The 
corrosion  rate  of  mild  steel  in  this  medium,  with  and  without  the 
addition  of  Fe++  ions,  was  investigated  using  polarization  techniques. 

In  the  absence  of  added  Fe**  ions ,  the  corrosion  rate  was  found  to 
decrease  and  then  either  increase  or  remain  at  a  low  level.  In  one 
corrosion  cell  a  high  rate  of  corrosion  was  accompanied  by  the  forma¬ 
tion  of  a  corrosion  product  or  products  in  the  shape  of  "stalactite" 
formations.  Analysis  indicated  free  sulfur  and  an  iron  sulfur  com¬ 
pound  with  iron  in  the  Fe++*  state. 

In  the  presence  of  added  Fe**  ions,  the  corrosion  rate  was  found 
to  increase  to  255  mdd  in  one  corrosion  cell  and  then  decrease.  Chemi¬ 
cally  prepared  FeS  produced  little  change  in  the  potential  or  the 
corrosion  rate.  Corrosion  of  mild  steel  in  a  bacteria-free  culture 
filtrate,  to  which  Fe**  ions  were  added  in  excess  to  remove  the  S“ 
ions  was  extremely  high.  After  an  induction  period  of  3  days,  the 
corrosion  rate  increased  to  a  maximum  of  1130  mdd  8  days  after  the 
start  of  the  corrosion  process.  During  the  period  of  extensive  cor¬ 
rosion,  the  potential  of  the  steel  dropped  to  more  noble  values. 

When  the  black  precipitate,  formed  upon  the  addition  of  Fe**  ions, 
was  removed,  the  resulting  filtrate  was  still  highly  corrosive,  indi¬ 
cating  that  the  depolarizing  agent  was  water  soluble  and  not  the  pre¬ 
cipitate.  The  depolarizing  agent  appears  to  act  as  an  electron  carrier, 
removing  electrons  from  the  iron  and  transferring  them  to  an  acceptor 
which  is  thereby  reduced.  The  action  of  this  depolarizing  agent  could 
account  for  the  high  anaerobic  corrosion  rates  observed  in  the  field. 

Inhibition  of  corrosion  in  cultures  of  Desulfovibrio  appears  to 
be  due  to  the  action  of  112?  which  reacts  with  the  iron  to  form  a  pro¬ 
tective  film  and  prevents  the  actions  of  the  soluble  depolarizer. 

Key  Words:  Marine  corrosion,  anaerobic  corrosion,  marine 

Desulfovibrio,  depolarizing  agent,  polarization  techniques, 

ferrous  ions. 


1.  Introduction 

There  is  ample  evidence  that  corrosion  by  sulfate-reducing  bacteria  may,  under  certain 
circumstances,  be  of  significant  importance  in  the  marine  environment.  (*• 2 »3'  ’  Most  of 

‘Figures  in  parentheses  indicate  the  literature  references  at  the  end  of  this  paper. 
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the  laboratory  studies  involving  anaerobic  corrosion  by  these  bacteria  have  been  made  using 
non-marine  strains.  On  the  basis  of  these  studies,  a  number  of  mechanisms  have  been  pro¬ 
posed  to  account  for  this  type  of  corrosion.  These  are:  (a)  stimulation  of  the  cathodic 
area  of  the  metal  by  the  removal  and  utilization  of  the  polarizing  hydrogen  by  the  bacterial 
cells;  (b)  formation  of  FeS/Fe  couples  by  the  reaction  of  ferrous  ions  with  sulfide  ions 
produced  by  the  bacteria;  (6 17)  (c)  a  combination  of  (a)  and  (b),  namely  removal  and  utili¬ 

zation  of  hydrogen  by  the  bacteria  from  the  ferrous  sulfide  of  a  FeS/Fc  couple; C®)  and  (d) 
local  acid  cell  formation.  (9)  A  considerable  portion  of  the  literature  has  been  concerned 
with  mechanism  (a),  the  so-called  cathodic  depolarization  theory,  and  mechanism  (b).(10) 
Difficulty  has  been  found  in  assessing  their  relative  contributions  to  the  overall  reaction, 
however . 

It  is  quite  definitely  established  that  the  microbiological  anaerobic  corrosion  of 
mild  steej  is  markedly  stimulated  by  the  presence  of  ferrous  ions  in  the  electro- 
lyte.(li»l“»^*Hj  Adams  5  Farrer(lo)  reported  that  the  hard  adherent  coating  of  ferrous 
sulfide,  often  formed  over  the  metal  surface  when  steel  is  exposed  to  cultures  of  sulfate 
reducing  bacteria,  was  not  formed  when  the  medium  contained  an  excess  of  ferrous  ammonium 
sulfate.  The  film  has  been  shown  by  Booth  and  Tiller (1^ .iS ,16)  t0  be  protective  but  often 
temporary  and  that  on  prolonged  exposure  to  bacterial  cultures,  the  initially  protective 
film  may  be  removed  progressively,  with  the  acceleration  of  corrosion.  (^7 »*8i  They  also 
showed  that  the  initial  protective  film  was  not  found  at  all  if  sufficient  ferrous  ions 
were  present  in  the  medium  to  precipitate  immediately  all  the  sulfide  produced  by  the 
bacteria.  As  a  result  of  this  inhibition  of  film  formation,  the  initial  corrosion  rate  was 
greatly  increased.  It  was  the  purpose  of  this  study  to:  a)  isolate  a  culture  of  a  marine 
strain  of  Desulfovibrio  and  develop  a  medium  for  its  cultivation  on  agar  plates;  b)  study 
the  corrosion  of  mild  steel  in  a  similar  medium  using  two  electrochemical  techniques  for 
measurement  of  instantaneous  corrosion  -  the  linear  polarization  technique  and  the  "polari¬ 
zation  break”  technique;  and  c)  study  the  effects  of  corrosion  in  the  medium  as  influenced 
by  the  presence  of  added  ferrous  ions. 


2.  Experimental 


(1)  Culture  and  Media 

The  culture  of  Desulfovibrio  was  originally  isolated  in  API  broth  from  detritus  ob¬ 
tained  from  an  off-shore  piling  at  Dam  Neck,  Virginia. (19)  In  previous  studies(20)  to 
develop  a  medium  for  the  agar  surface  isolation  and  cultivation  of  non-marine  strains  of 
Desulfovibrio  under  a  hydrogen  atmosphere,  it  was  found  that  a  Trypticase  soy  agar  plus 
salts  medium  (Trypticase  soy  agar,  40  gm;  sodium  lactate  601  sol,  4.0  ml;  magnesium  sulfate, 
20  gm;  agar,  S  gm;  ferrous  ammonium  sulfate,  0.5  gm;  distilled  water,  1000  ml)  gave  satis¬ 
factory  results.  Cultivation  of  the  marine  strain  on  this  medium  was  unsuccessful  as  might 
be  expected.  Increasing  the  sodium  chloride  concentration  of  the  medium  to  3t  as  well  as 
the  use  of  artificial  seawater  prepared  from  an  ASTM  sea  salt  mixture,*  in  place  of  the 
distilled  water,  likewise  showed  no  improvement.  Substitution  of  aged  seawater  (34  ohm-cm 
resistivity)  for  the  distilled  water  did,  however,  ensure  good  to  excellent  growth  of  the 
marine  strain.  Growth  of  contaminating  organisms  was  considerably  reduced  by  the  elimina¬ 
tion  of  sodium  lactate  from  the  medium.  Magnesium  sulfate  was  also  eliminated,  as  it  did 
not  appear  to  have  any  effect  in  stimulating  growth.  The  resulting  medium  (Trypticase, 

15  gm;  Phytone,  5.0  gm;  NaCl,  5.0  gm;  agar,  20  gm;  ferrous  ammonium  sulfate,  0.5  gm;  aged 
seawater,  1000  ml)  was  used  for  routine  maintenance  of  the  marine  strain.  The  pH  was  ad¬ 
justed  to  7.0*0. 1  with  NaOH  when  necessary.  The  ferrous  ammonium  sulfate  solution  was 
sterilized  by  Seitz  filtration  and  added  to  the  autoclaved  medium  before  pouring  the  plates. 
This  was  eventually  omitted  from  the  medium.  Growth  on  this  medium  (in  the  presence  of 
ferrous  ammonium  sulfate)  was  accompanied  by  darkening  of  the  medium  surrounding  the  colon¬ 
ies. 


* 

Trypticase  soy  agar  (Trypticase,  15.0  gm;  Phytone,  5.0  gm;  sodium  chloride,  5.0  gm;  agar, 
15  gm).  Certain  materials  are  identified  in  this  paper  in  order  to  adequately  specify 
the  experimental  procedures.  In  no  case  does  such  identification  imply  recommendation  or 
endorsement  by  the  National  Bureau  of  Standards  nor  does  it  imply  that  the  material  identi 
fied  is  necessarily  the  best  available  for  the  purpose. 

Sea  Salt  Formula  A  ASTM  0-1141-52 
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The  purity  and  identification  of  the  culture  as  a  species  of  Desulfovibrio  was  verified 
from  time  to  time  by  microscopic  observation  of  the  cell  morphology  and  visual  observation 
of  the  colonics.  Positive  identification  was  made  by  flooding  the  agar  surface  on  which 
growth  was  present  with  an  alkaline  solution  (10%  NaOtl)  and  observing  a  bright  red  fluores¬ 
cence  of  the  colonies  under  ultraviolet  light.  This  red  fluorescence  has  been  reported  by 
Postgate(21)  to  be  characteristic  of  cells  of  organisms  in  the  genus  Desulfovibrio.  Trans¬ 
fers  of  the  strain  were  usually  made  at  monthly  intervals.  . 

The  medium  used  in  the  corrosion  studies  contained  the  same  materials  as  the  agar  plat- 
int  medium  except  for  the  absence  of  the  agar.  When  ferrous  ions  were  introduced  into  the 
medium,  2.5  gm  ferrous  ammonium  sulfate  per  liter  were  added. 

(2)  Electrochemical  Studies 

(a)  Electrochemical  cell 

The  electrochemical  cell  consisted  of  a  400-ml  beaker  (tall  form)  fitted  with  a  rubber 
stopper  to  support  two  electrodes  (test  and  platinum)  and  a  Luggin  capillary  (Figures  1  and 
2).  The  Luggin  capillary  was  joined  to  a  sat.  cal.  electrode  immersed  in  saturated  KC1  solu¬ 
tion  by  an  agar  bridge.  Th.  agar  bridge  consisted  of  transparent  plastic  tubing  fitted 
tieh  saturated  KC1  agar  (30  gm  KC1,  3  gm  agar,  100  ml  distilled  water).  A  thick  piece  of 
string  was  also  inserted  from  end  to  end  of  the  tubing  before  filling  with  the  KC1  agar  to 
insure  a  more  permanent  conductivity  in  event  of  bubble  formation  or  drying  of  the  agar. 
Several  cells  were  often  connected  simultaneously  to  the  saturated  calomel  electrode. 
Diffusion  of  air  through  the  agar  bridges  was  hindered  by  supporting  the  calomel  electrode 
and  the  ends  of  the  KC1  bridges  in  a  rubber  stopper  scaled  to  the  beaker  containing  the 
saturated  KC1  solution.  Initially  the  air  above  the  saturated  KC1  solution  was  replaced 
with  Ni,  but  this  procedure  was  later  omitted. 

The  working  or  test  electrode  consisted  of  a  cylinder  of  cold  rolled  1020  steel  1/4" 
in  diameter  and  1/4"  in  length  supported  by  a  threaded  rod.  Initially,  the  supporting  rod 
and  all  of  the  surface  of  the  cylinder  except  the  end  face  were  sealed  off  by  heat  shrink¬ 
able  plastic  tubing.  In  later  studies,  the  cylinder  was  scaled  in  epoxy  except  for  the 
end  face  and  the  supporting  rod  enclosed  in  a  glass  tube.  A  Teflon  washer  was  used  to  seal 
the  end  of  the  tube  against  the  epoxy  coated  cylinder.  Tension  was  maintained  by  tighten¬ 
ing  a  nut  at  the  other  end  of  the  threaded  rob  which  was  separated  from  the  other  end  of 
the  glass  tube  by  a  second  Teflon  washer. 

The  exposed  end  of  the  steel  cylinder  was  polished  using  progressively  fine  grades  of 
emory  paper  (220,  320,  400,  and  b00)  and  degreased  in  acetone.  Sterilization  of  the  elec¬ 
trode  assembly  was  usually  accomplished  by  storing  it  in  95*.  ethanol  until  ready  for  use. 
Before  using,  the  residual  alcohol  was  removed  by  flaming.  In  a  few  cases,  the  electrode 
was  sterilized  by  immersion  in  a  1:1  solution  of  cone.  IIC1  and  water  and  rinsed  thoroughly 
in  sterile  distilled  water.  The  steel  surface  was  repolished  with  sterilized  000  grade 
emory  paper.  Mild  steel  nails  (c£  38.0  mm  long,  1.82  mm  diam.)  were  treated  in  dilute 
IC1  (1:1  water;  cone.  IK:i),  dried,  degreased  in  acetone  and  kept  in  !)5*  ethanol  until  used. 
Before  use  the  excess  ethanol  was  removed  by  burning. 

The  platinum  electrode  (auxiliary  electrode)  consisted  of  a  piece  (0x7  mm)  of  platinum 
gauge  (52  mesh)  attached  to  a  platinum  wire  sealed  in  glass  tubing.  The  platinum  electrode 
was  cleaned  by  flaming,  washing  in  cone.  IIC1  and  rinsing  in  distilled  water. 

In  preparation  of  the  cell,  200  ml  of  the  Trypticase,  Phytonc  seawater  (TI’SW)  medium 
(346  mg  of  SO4")  was  autoclaved  in  the  beaker.  If  the  medium  contained  Ic**  ions,  a 
Seitz  filtered  solution  of  ferrous  ammonium  sulfate  in  seawater  was  added. 

The  stopper  holding  the  platinum  electrode  and  the  luggin  capillary  was  also  sterilized 
by  autoclaving.  Upon  removal  from  the  autoclave,  the  capillary  tube  was  filled  with  sterile, 
saturated  KC1  agar  using  suction.  After  the  agar  hardened,  the  sterile  iron  electrode  was 
inserted  through  a  hole  in  the  stopper  and  the  stopper,  with  the  two  electrodes  and  the 
capillary  inserted  into  the  beaker. 
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To  prevent  oxygen  from  dissolving  ir,  the  medium,  sterile  autoclaved  (1  hr  at  IS  psi) 
melted  vaspar  (equal  parts  of  petroleum  jelly  and  paraffin)  was  poured  on  the  surr  .ce  of 
the  medium  through  a  hole  in  the  stopper  to  a  depth  of  about  1  inch.  The  hole  was  then 
stoppered,  the  cell  placed  in  an  incubator  (27*0. 1*C)  and  electric  and  agar  bridge  con¬ 
nections  made.  Electrochemical  measurements  were  then  initiated. '  When  the  cell  was  inocu¬ 
lated,  a  hole  was  made  through  the  vaspar  using  a  heated  rod  and  a  suspension  of  bacterial 
cells  introduced  into  the  medium  via  a  sterile  hypodermic  needle  and  the  hole  sealed  with 
vaspar.  The  bacterial  suspension  was  prepared  by  scraping  off  the  surface  growth  from  one 
or  two  agar  plates,  using  a  bacteriological  loop,  and  suspending  the  growth  in  a  few  ml  of 
autoclaved  seawater.  0.S  ml  to  1.0  ml  jf  the  suspension  was  generally  used  to  inoculate 
the  medium. 


(b)  Electrochemical  measurements 


Potential  measurements  were  made  with  an  electronic  potentiometer  (pH  meter).  Redox 
potential  measurements  were  obtained  by  adding  +0.2S0  volts  to  the  observed  potential  read¬ 
ing  of  the  platinum  electrode  versus  the  saturated  calomel  half  cell.  No  corrections  for 
pH  were  made  as  the  medium  was  initially  adjusted  to  7. 0*0. 2  and  the  pH  of  the  medium  after 
the  electrodes  were  removed  was  within  this  range.  Corrosion  rates  were  determined  by  two 
polarization  methods,  the  linear  polarization  method  and  the  "polarization  break"  method. 
The  linear .polarization  technique  is  based  on  the  following  relationship  derived  by  Stern 
and  Geary:**2) 


&E  1  fBa-Bc 

IT  *  2.3  Icorr  (li^c 


(1) 


In  this  equation  AE  is  the  overvoltage  of  the  corroding  electrode  produced  by  a  polarizing 
Current  AI.  AE/AI  is  the  slope  of  the  polarization  curve,  Ba  and  Be  are  the  slopes  of  the 
anodic  and  cathodic  polarization  curves  in  the  Tafel  region,  and  Icorr  is  the  corrosion 
current.  The  constants  Ba  and  Be  were  both  assumed  to  be  equal  to  0.1  in  this  investiga¬ 
tion.  The  error  will  usually  be  about  201  or  less,  as  established  by  Stem  and  Weisert.  (23) 
Substituting  this  value  for  Ba  and  Be  and  solving  for  Icorr  the  following  equation  is  de¬ 
rived  : 


Icorr (“A)  “  2I.7M(uA)  (2) 

AE(mV) 

The  "polarization  break"  method  originally  proposed  by  Schwerdtfeger  and  McDormanl24^ 
is  based  on  the  observation  that  anodic  and  cathodic  polarization  curves  consist  of  straight 
line  segments  having  different  slopes.  The  current  value  at  which  the  change  (break)  in 
slope  occurs  is  designated  Ip  for  the  cathodic  and  I„  for  the  anodic  curve  as  in  Figure  3. 
The  corrosion  current  lc  can  be  calculated  from  the  following  relationship,  which  was  de¬ 
rived  by  Pearson  (2S)  and  confirmed  by  Holler : (26) 


t  I  -I 

corr  -  ^3. 

p  q 

The  corrosion  rate  in  milligrams  per  square  decimeter  per  day  (mdd)  was  calculated 
from  the  corrosion  current  density  using  Faraday's  law  for  Fe  corroding  to  Fe*+  (1  mdd 
being  equivalent  to  4.0x10-7  amp/cm2). 


(3) 


The  electrical  circuit  employed  was  essentially  similar  to  that  described  by  Schwerdt- 
feger^27)  except  for  the  bridge  circuit  which  was  omitted  and  a  greater  variable  resistance 
(1.11  M  ohm)  used  in  scries  with  the  batteries.  Current  measurements  were  made  with  a 
multiple  range  micro-ammeter  employing  a  chopper  amplifier  circuit.  In  addition  to  direct 
potential  measurements  of  the  steel  electrode,  overpotential  measurements  (the  difference 
between  the  open  circuit  potential,  and  the  potential  after  applying  current)  were  made 
using  a  null  circuit  in  series  with  a  high  impedance  (10  megohms)  chopper  amplifier  volt¬ 
meter. 


In  making  the  measurements,  the  open  circuit  potentials  of  the  platinum  electrode 
(redox  potential)  and  the  steel  electrode  were  obtained  first.  An  increment  of  current 
sufficient  to  polarize  the  electrode  to  an  overpotential  of  2  to  10  mV  was  then  applied  and 
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and  the  corrosion  rate  was  calculated,  using  the  AI  and  AE  values  in  equation  (2).  The 
current  was  then  cut  off  and  after  an  interval  of  about  1/2  to  2  hours  (usually  sufficient 
for  depolarization)  a  cathodic  polarization  curve  plotted  using  the  galvanostatic  technique 
with  2-minute  intervals  between  increasing  equal  increments  of  current.  Previous  calcula¬ 
tion  of  the  corrosion  current  was  found  to  be  helpful  in  deciding  the  equal  current  incre¬ 
ments  to  be  used.  After  a  sufficient  time  interval  to  allow  depolarization  of  the  electrode 
to  the  original  open  circuit  potential,  ranging  from  20  minutes  to  a  day,  the  anodic  polari¬ 
zation  curve  was  plotted.  As  the  values  obtained  by  the  two  polarization  techniques  were 
usually  comparable,  the  values  obtained  by  the  "polarization  break"  method  are  reported  un¬ 
less  specifically  mentioned. 

Rapid  potential  fluctuations  of  the  steel  electrode  which  occurred  during  one  of  the 
experiments  were  measured  using  the  circuit  shown  in  Figure  4. 

3.  Results 


(a)  Corrosion  in  the  absence  of  Fc**  ions 

The  results  of  the  first  experiment,  shown  in  Table  1,  were  obtained  in  TPSW  medium, 
without  added  Fe+*  ions,  inoculated  with  the  marine  strain  of  Desulfovibrio.  The  corrosion 
rate  decreased  on  the  21st  day  after  inoculation  to  a  rate  about  1/10  that  of  the  rate  be¬ 
fore  inoculation  and  then  increased.  No  data  were  obtained  from  the  44th  to  the  50th  day 
because  of  the  instability  of  the  open  circuit  potential.  A  drop  in  potential  of  the  steel 
electrode  to  more  noble  (positive)  values  and  then  to  more  active  (negative)  values  coin¬ 
cided  with  the  decrease  and  increase  in  corrosion  rates.  The  redox  potential  dropped  to 
over  400  mV  simultaneously  with  active  growth  of  the  culture.  The  polarization  curves  up 
to  1  day  after  inoculation  were  similar  to  those  in  Figure  3a  where  the  slope  in  the  anodic 
branch  after  the  break  was  iess  than  the  slope  of  the  curve  before  the  break.  In  addition, 
the  break  in  the  cathodic  branch  occurred  Itefore  the  break  in  the  anodic  curve,  indicating 
that  the  reaction  was  under  cathodic  control.  From  the  second  day  until  the  conclusion  at 
the  end  of  51  days  the  anodic  curves  were  typical  of  those  in  Figure  3b  and  3c  with  respect 
to  the  slopes  after  the  breaks.  The  anodic  slopes  were  always  greater  after  the  breaks 
than  before.  Where  the  break  in  the  anodic  curve  occurs  before  the  break  in  the  cathodic 
curve,  the  corrosion  rate  is  under  anodic  control  (Figure  3b).  Schwerdtfeger (28,29)  USUaiiy 
found  pitting  to  occur  when  the  process  was  under  anodic  control.  Under  mixed  control,  the 
breaks  occur  in  cathodic  and  anodic  branches  at  equal  applied  current  values.  The  polari¬ 
zation  curves  from  the  second  day  to  the  conclusion  indicated  that  the  corrosion  process 
varied  from  one  type  of  control  (cathodic,  anodic,  mixed)  to  another. 

The  surface  of  the  steel  electrode  at  the  conclusion  of  the  experiment  as  shown  in 
Figure  5  indicates  areas  where  a  dark  film  has  broken  away  from  the  surface.  Electron  probe 
studies  indicated  the  presence  of  sulfur  in  the  film. 

This  experiment  was  repeated  but  electrochemical  measurements  were  made  over  a  longer 
period  of  time  (495  days).  The  data  for  280  days  are  shown  in  Figure  6.  Again  as  pre¬ 
viously,  the  corrosion  rate  was  found  to  decrease  along  with  a  drop  in  potential  to  more 
noble  values  and  reached  a  minimum  value  of  0.29  milligrams  per  square  decimeter  per  day 
(mdd)  on  the  seventh  day  after  inoculation.  From  the  ninth  day  until  the  32nd  day,  the 
open  circuit  potential  was  unstable  and  linear  polarization  measurements  could  not  be  made 
(Figure  7b).  It  was  possible  to  determine  the  corrosion  rates  using  the  "polarization  break" 
method,  however.  Another  period  of  instability  also  occurred  from  the  44th  to  the  53rd  day. 
Previously^0)  it  had  been  found  using  the  circuit  shown  in  Figure  4  that  corroding  metals 
in  the  presence  of  oxygen  produce  a  series  of  fluctuations  in  the  absolute  potential  when 
measured  across  the  resistor.  These  potential  fluctuations  are  shown  in  Figure  8.  The 
corrosion  rate  continued  to  increase  until  it  reached  a  peak  of  102  mdd  on  the  1.02nd  day 
and  then  decreased  to  a  level  of  80  mdd,  rising  again  to  312  mdd  after  488  days.  The  po¬ 
tential  of  the  steel  electrode  decreased  in  the  noble  direction  (less  negative)  until  it 
reached  -0.401  V,  rose  again  to  -0.640  V  on  the  459th  day  and  then  decreased  to  -0.609  V 
at  the  conclusion  of  the  measurements  (495  days).  The  redox  potential  dropped  from  *0.160  V 
just  before  inoculation  on  the  26th  day  before  inoculation  to  about  -0.200  V.  The  slopes 
of  the  anodic  polarization  curves  after  the  breaks  again  changed  two  days  after  inoculation, 
as  previously,  from  that  in  Figure  3a  to  Figure  3b,  indicating  that  a  film  was  present  on 
the  metal  surface.  The  corrosion  process  was  then  under  cathodic,  anodic,  and  mixed  con- 
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trol  until  the  termination  of  the  experiment. 


Several  months  after  inoculation,  a  black  "stalactite"  formation  of  corrosion  products 
was  observed  growing  from  the  steel  electrode  (Figure  9).  Periodically  it  dropped  to  the 
bottom  of  the  corrosion  cell  when  it  was  disturbed  and  a  new  one  formed.  At  one  time,  the 
growth  of  the  "stalactite"  was  in  a  lateral  position  from  the  electrode.  When  the  cell  was 
disassembled,  the  broken  off  fragments  (Figure  10)  produced  a  metallic  sound  when  dropped 
to  the  bottom  of  a  beaker.  Upon  drying  in  vacuo  they  had  a  tendency  to  crumble.  X-ray 
diffraction  analysis,  indicated  the  material  was  in  the  amorphous  state.  An  electron  scan¬ 
ning  micrograph  of  the  material  is  shown  in  Figure  11.  Analysis  by  the  Mossbauer  technique 
and  a  scanning  electron  microscope  coupled  with  an  energy  dispersive  x-ray  spectrometer 
indicated  the  presence  of  an  as  yet  unidentified  compound  of  iron  and  sulfur.  Iron  was  in 
the  Fe*++  state.  Free  sulfur  was  also  detected.  The  material  was  heated  in  vacuo  to  1230"C 
for  about  15  minutes  and  allowed  to  slowly  cool  to  room  temperature.  X-ray  diffraction 
studies  and  Mossbauer  spectroscopy  revealed  the  presence  of  77%  ferrite,  13%  austenite, 
and  10%  cementite.  Bacteriological  analysis  revealed  that  the  cell  was  contaminated  with 
a  gram  positive  non-sporulating  rod.  Viable  Desulfovibrio  cells  were  also  present  upon 
culturing  of  the  medium. 

In  repeating  the  experiment  a  3rd  time,  no  increase  in  corrosion  rate  or  development 
of  corrosion  products  was  noted.  The  results  are  indicated  in  Table  II.  The  corrosion 
rate  dropped  to  0.07  mdd,  rose  to  almost  0.22  and  remained  at  this  value  for  the  duration 
of  the  experiment.  Again  the  potential  of  the  steel  fell  to  more  positive  (noble)  values. 
Although  no  polarization  measurements  were  made,  no  "stalactite"  formations  were  noted  over 
a  period  of  10  months.  The  polarization  curves  indicated  that  a  film  on  the  steel  surface 
was  present  and  that  the  corrosion  reaction  was  under  mixed  or  slight  cathodic  control  from 
the  second  day  after  inoculation. 

The  experiment  was  repeated  a  4th  time  but  a  Seitz  filtrate  (bacteria-free)  was  employed 
instead  of  the  culture.  The  results  are  indicated  in  Table  III.  Again,  no  great  increase 
in  the  corrosion  rate  was  noted,  and  no  "stalactite"  formation  occurred  over  a  period  of 
10  months.  The  potential  of  the  steel  was  found  in  general  to  increase  to  more  negative 
(active)  values  during  the  period  when  the  corrosion  rate  increased  and  then  remained  fairly 
constant  at  -0.572  V  for  the  last  30  days  of  measurement.  The  corrosion  process  was  under 
mixed  control  most  of  the  time.  Bacterial  contamination  of  the  culture  filtrate  was  noted 
after  the  10th  day. 

(b)  Corrosion  in  the  presence  of  added  Fe++  ions 

In  the  presence  of  Fe++  ions,  the  corrosion  rate  reached  a  peak  value  of  256  mdd  and 
then  dropped  to  values  lower  than  in  the  medium  without  iron  (Figure  6).  It  was  of  interest 
that  the  redox  potential  became  more  negative  during  the  rapid  increase  in  corrosion  rate, 
from  -0.150  V  when  the  corrosion  rate  was  19  mdd  to  -0.305  V  when  the  corrosion  rate  was 
256  mdd  and  to-0.214  V  when  the  corrosion  rate  dropped  back  to  9  mdd.  The  polarization 
curves  before  inoculation  and  up  to  the  39th  day  after  inoculation  were  under  cathodic  con¬ 
trol  and  typical  of  the  curves  in  Figure  3a.  From  this  time  until  the  conclusion  of  the 
measurement  (495  days)  film  formation  occurred  and  the  corrosion  reaction  was  at  various 
times  under  mixed,  cathodic,  and  anodic  control. 

The  results  of  a  second  experiment  to  attempt  to  duplicate  these  results  are  shown 
in  Table  IV.  The  potential  of  the  steel  electrode  dropped  about  10  mV  in  a  more  active 
(negative)  direction  immediately  after  inoculation  and  remained  quite  stable  for  58  days 
after  inoculation.  The  corrosion  rate  increased  as  previously  but  only  reached  a  maximum 
of  about  1/10  of  the  previous  maximum  on  the  28th  day  after  inoculation.  A  discernable 
decrease  occurred  after  74  days.  As  previously,  the  redox  potential  dropped  very  slightly 
to  more  negative  values  during  the  time  when  the  corrosion  rates  were  the  highest.  The 
polarization  curves  indicated  that  the  corrosion  reaction  was  under  cathodic  control  be¬ 
fore  inoculation  and  through  the  58th  day  after  inoculation.  From  the  76th  day  through 
the  final  measurement  the  corrosion  reaction  was  under  mixed  control  with  a  film  being 
present.  Similar  results  were  also  obtained  in  a  third  cell. 
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(c)  Effect  of  chemically  prepared  iron  sulfide  on  the  corrosion  of  mild  steel 

It  appeared  from  the  previous  results  that  stimulation  of  corrosion  by  the  marine 
strain  of  Desulfcvibrio  consistently  occurred  in  the  seawater  medium  when  added  ferrous 
ions  were  present.  In  view  of  the  results  by  Booth  (?)  that  FeS  brought  about  cathodic 
stimulation  of  mild  steel,  the  possibility  that  this  compound  might  be  responsible  for  the 
stimulation  of  corrosion  seemed  likely. 

After  measurements  were  made  on  a  mild  steel  specimen  in  sterile  (TPSN)  medium  with 
added  ferrous  ions  (same  concentration  as  used  in  the  inoculated  medium)  sodium  sulfide 
was  added  to  form  FeS  and  the  measurements  continued  for  fourteen  days.  From  the  results 
presented  in  Table  V  it  appears  that  the  chemically  produced  FeS  had  little  if  any  effect 
on  the  corrosion  rate  or  the  potential  of  the  steel.  The  polarization  curves  indicated  that 
the  corrosion  reaction  was  under  cathodic  control  before  and  after  the  addition  of  the  S'" 
ions  with  no  film  formation. 

(d)  Effect  of  the  addition  of  Fe44  ions  to  a  TPSW  culture  filtrate  on  the  corrosion  of 

mild  steel 

As  FeS  had  no  effect  on  the  corrosion  rate,  the  possibility  of  another  iron  compound 
formed  in  the  culture  by  the  addition  of  Fe44  ions  was  suggested.  Fe44  ions  were  added  in 
excess  to  a  Seitz  filtered  culture,  the  electrodes  placed  in  the  solution,  and  the  surface 
sealed  with  vaspar.  The  amount  of  Fe*4  ions  added  was  determined  in  a  previous  experiment 
in  which  the  culture  filtrate  was  titrated  with  ferrous  ammonium  sulfate  using  a  sulfide 
ion  electrode.  The  results  are  indicated  in  Table  VI.  Corrosion  current  density  reported 
in  the  table  was  obtained  by  the  linear  polarization  method.  After  an  induction  period 
of  3  days  during  which  the  potential  of  the  steel  electrode  decreased  to  more  noble  (posi¬ 
tive)  values,  the  corrosion  rate  increased  greatly,  reaching  a  maximum  of  over  1000  mdd  on 
the  10th  day  after  the  initiation  of  the  increase.  This  increase  in  corrosion  rate  was 
accompanied  by  a  change  in  the  redox  potential  to  lower  (more  negative)  values.  A  similar 
effect  was  noted  previously  n.  the  TPSW  culture  containing  Fe44  ions  where  a  peak  corrosion 
rate  of  256  mdd  was  reported.  The  polarization  curves  indicated  that  the  corrosion  process 
was  under  mixed  or  anodic  control  after  the  3rd  day  and  that  a  film  was  produced  on  the 
surface  of  the  steel.  A  black  film  which  covered  about  1/4  of  tie  total  surface  area  of 
the  steel  surface  was  observed  when  the  electrode  was  removed. 

To  determine  whether  the  corrosion  of  the  steel  was  due  to  the  black  precipitate  or 
a  soluble  component  in  the  culture  filtrate,  Fe44  ions  were  added  to  a  culture  of  the  marine 
strain  and  the  resulting  organisms  and  black  precipitate  were  removed  by  Seitz  filtration. 
Five  small  mild  steel  nails  were  placed  in  the  filtrate  which  was  then  sealed  with  vaspar. 
Five  nails  were  also  placed  in  sterile  medium  and  sealed  with  vaspar  to  serve  as  a  control. 
After  an  induction  period  of  3  days,  the  solution  turned  completely  black.  Twenty  days 
after  the  solution  had  turned  black,  the  nails  were  removed,  the  black  corrosion  products 
removed  by  wiping  with  paper  tissue  and  the  nails  were  weighed.  The  results  are  presented 
in  Table  VII.  The  average  corrosion  rate  of  the  nails  was  about  30  times  that  of  the  con¬ 
trol  nails. 


4.  Discussion 

It  is  evident  from  the  results  obtained  that  the  marine  strain  of  Desulfovibrio  pro- 
duces  a  strong  depolarizing  agent  in  the  seawater  medium  and  that  the  bacterial  cells  per 
s£  are  not  essential  as  originally  proposed  in  the  cathodic  depolarization  theory  of  von 
Wolzogen  Kuhr  and  van  der  Vlugt. 

From  the  high  corrosion  rates  obtained,  it  appears  as  if  the  depolarizing  ag^nt  removes 
electrons  directly  from  the  metal  itself  rather  than  through  direct  utilization  of  hydrogen. 
The  corrosion  rate  of  iron  based  on  the  rate  of  hydrogen  formation  by  the  di rcct  reduct ion 
of  water  as  a  function  of  the  electrode  potential  has  been  calculated  hv  Nelson*^**  to  be 
from  0.05  to  0.4  uA/cm-1  (0.125  to  1.0  mdd),  using  potentials  of  steel  in  Ficterial  cultures 
witnin  the  range  of  -0.45  to  -0.6  V  (NHL).  Such  values  would  be  too  low  to  explain  the 
high  corrosion  rates  obtained  by  direct  utilization  of  hydrogen.  A  highly  reduced  com 
pound  appears  to  he  formed  in  the  medium  as  indicated  by  the  lowering  of  the  redox  potential. 
A  black  .ompound  was  also  formed  which  is  presently  being  identified.  The  possibility  is 
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suggested  that  th«  depolarizing  agent  after  removal  of  the  electrons  froa  the  iron  is  in 
a  highly  reduced  condition  and  transfers  the  electrons  to  an  acceptor,  in  a  Banner  siailar 
to  the  electron  transferring  enzymes  in  biological  systems.  The  black  aaterial  nay  be  the 
reduced  acceptor. 

Blackening  of  yeast  extract  broth,  containing  a  st'.el  coupon  and  inoculated  with  a  non- 
aarine  strain  of  Desulfovibrio  was  reported  previously.  (32)  The  black  corrosion  product 
was  initially  amorphous  but  af'ter  heating  in  vacuo  to  1230*C,  Fe^P  was  identified  by  x-ray 
diffraction  studies. 

As  H2S  is  also  produced  by  Desulfovibrio  the  results  presented  in  this  paper  as  well 
as  by  others(**»‘*»**>‘®)  appear  to  indicate  that  a  filn  of  iron  sulfide  is  foraed  on  the 
surface  of  the  steel  if  there  is  no  aaterial  (Fe**  ions)  present  to  remove  it.  This  filn 
appears  to  act  as  a  protective  film  thereby  preventing  corrosion.  When  this  film  becoaes 
detached,  the  ensuing  corrosion  is  probably  a  result  of  the  action  of  the  depolarizing 
agent  also  produced  by  Desulfovibrio.  If  this  protective  sulfide  film  is  prevented  from 
forming  by  previous  removal  of  the  sulfide,  the  depolarizing  agent  has  access  to  the  aetal 
surface  and  can  initiate  the  corrosion  reaction.  This  appears  to  happen  when  Fe**  ions  are 
present  in  the  medium.  The  corrosion  rate  at  first  increases  and  then  decreases  (Figure 
6  and  Table  IV).  The  decrease  in  corrosion  rate  auy  be  due  to  additional  H2S  which  was 
produced  from  the  ammonium  sulfate  after  the  sulfide  ions  initially  produced  were  removed 
by  the  Fe*4  ions.  Although  the  depolarizing  agent  appears  to  be  involved,  the  exact  mecha¬ 
nisms  for  the  formation  of  the  stalactites  remains  tc  be  determined.  From  the  high  corro¬ 
sion  rates  obtained  when  the  sulfide  ions  are  removed,  it  appears  likely  t.iat  the  depolari¬ 
zing  agent  may  be  responsible  for  the  high  corrosion  rates  obtained  in  the  field  as  a 
result  of  bacterial  action. 
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Table  1 

Corrosion  of  Mild  Steel  in  TPSW  Culture 
1st  Cell 


Time 

O.C. 

Potential 

Steel 

Redox 

Potential 

Corrosion 

Current  Density 

Rate 

(days) 

(V) 

(V) 

(uA/cm2) 

(mdd) 

1 

-0.717 

♦0.270 

0.70 

1.75 

4 

-0.711 

♦0.250 

0.48 

1.20 

7. 

-0.699 

♦0.261 

0.42 

1.05 

1 

-0.695 

♦0.271 

2.30 

5.8b 

7 

-0.564 

-0.199 

0.28 

0.70 

14 

-0.550 

-0.200 

0.13 

0.32 

21 

-0.491 

-0.194 

0.04 

0.10 

25 

-0.451 

-0.197 

0.22 

0.55 

42 

-0.548 

-0.183 

1.73 

4.32 

43 

-0.582 

-0.180 

2.56 

6.40 

44 

-0.574 

-0.180 

- 

- 

49 

-0.605 

-0.178 

- 

- 

SO 

-0.605 

-0.180 

- 

- 

51 

-0.604 

-0.180 

3.20 

8.00 

* 

1st  day  after  inoculation  -  inoculum  5  days  old. 
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Table  II 


Corrosion  of  Mild  Steel  in  TPSW  Culture 
3rd  Cell 


Tiae 

O.C. 

Potential 

Steel 

Redox 

Potential 

Corrosion 

Current  Density 

Rate 

(days) 

(V) 

(V) 

(uA/ca2) 

(■dd) 

1 

-0.715 

♦0.160 

0.32 

0.80 

6* 

-0.728 

♦0.182 

0.11 

0.27 

r 

-0.750 

-0.100 

0.12 

0.30 

4 

-0.710 

-0.143 

0.18 

0.45 

8 

-0.684 

-0.210 

0.16 

0.40 

15 

-0.671 

-0.232 

0.11 

0.27 

22 

•0.631 

-0.215 

0.03 

0.07 

30 

-0.605 

-0.218 

0.09 

0.22 

36 

-0.599 

-0.220 

0.09 

0.22 

43 

-0.572 

-0.221 

0.09 

0.22 

SO 

-0.569 

-0.231 

0.11 

0.27 

64 

-0.561 

-0.222 

0.10 

0.25 

*Cell 

inoculated  on  6th  day  with  11 -day-old  cells 

from  TPSW  agar  surface  without 

added 

Fe+*  ions. 

‘Days  after  inoculation. 

Table  III 

i 

1 

Corrosion  of  Mild 

Steel  in  TPSW  Culture  Filtrate 

O.C. 

Corrosion 

Tiae 

Potential 

Redox 

Steel 

Potential 

Current  Density 

Rate 

(days)  (V)  (V)  (uA/cm  )  (mdd) 


1  -0.642  -0.192 

3  -0.683  -0.201 

8  -0.746  -0.210 

29  -0.582  -0.220 

39  -0.569  -0.221 

SO  -0.619  -0.215 

59  -0.632  -0.228 

71  -0.633  -0.221 

81  -0.589  -0.230 

91  -0.579  -0.230 

101  -0.S73  -0.228 

112  -0.580  -0.281 


Filtrate  of  a  6-day-old  culture.  PH  filtrate  7.0. 
Potential  of  sulfide  ion  electrode  was  -0.620  V. 


Table  IV 


Corrosion  of  Mild  Steel  in  TP§W  Culture 
with  Added  Fe+*  Ions 


Tiae 

O.C. 

Potential 

Steel 

Redox 

Potential 

Corrosion 

Current  Density  Rate 

(days) 

(V) 

(V) 

(uA/cm2) 

(mdd) 

2 

-0.699 

-0.101 

0.92 

2.30 

6 

-0.699 

-0.189 

1.06 

2.65 

12* 

-0.692 

-0.082 

1.08 

2.70 

r 

-0.685 

-0.155 

2.20 

5.50 

7 

-0.683 

-0.191 

3.52 

8.81 

14 

-0.676 

- 

7.75 

19.37 

22 

-0.674 

-0.229 

6.56 

16.32 

28 

-0.678 

-0.238 

12.42 

31.06 

36 

-0.681 

-0.221 

7.20 

18.00 

42 

-0.682 

-0.223 

9.86 

24.65 

49 

-0.688 

-0.227 

10.30 

26.15 

58 

-0.668 

-0.232 

10.53 

26.32 

74 

-0.617 

-0.190 

5.86 

14.65 

92 

-0.620 

-0.194 

4.80 

12.00 

101 

-0.610 

-0.201 

4.16 

10.40 

*Cell 

inoculated  on  12th  day  with  7-day-old  cells 

from  TPSW  agar  surface  withoij 

added 

Fe**  ions. 

‘Days  after  inoculation 

* 

0.25%ferrous  ammonium  sulfate 

Table  V 

Effect  of  FeS  in  Sterile  TPSW  Medium 

on  the  Corrosion  of  Mild  Steel 

O.C. 

Corrosion 

Time 

Potential 

Redox 

Steel 

Potential 

Current  Density 

Rate 

(days) 

(V) 

(V) 

(uA/cm^) 

(mdd) 

0 

-0. 70S 

-0.000 

. 

1 

-0.698 

-0.012 

0.33 

0.82 

2 

-0.69S 

-0.003 

0.38 

0.95 

6 

-0.690 

-0.001 

0.28 

0.70 

0* 

-0.702 

-0.020 

0.38 

0.95 

1 

-0.705 

-0.040 

0.46 

1.  5 

2 

-0.705 

-0.080 

0.43 

1.07 

3 

-0.705 

-0.090 

0.32 

0.80 

6 

-0.703 

- 

0.51 

1.25 

14 

-0.705 

-0.100 

0.38 

0.95 

Immediately  after  addition  of  0.3  gm  Na^S.SlI^O  added  to  200  ml  TPSW  medium 
containing  0.S  ga  ferrous  amaoniua  sulfate.  Ferrous  ions  were  in  excess. 
23.6  ag  (1.34  aM)  FeS  recovered. 
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Table  VI 


Effect  of  TPSW  Culture  Filtrate*  to  Which  Fe**  Ions 
Were  Added  on  the  Corrosion  of  Mild  Steel 


Time 

O.C. 

Potential 

Steel 

Redox 

Potential 

Corrosion 

Current  Density  Rate 

(da/*) 

(V) 

(V) 

(uA/cm2) 

(mdd) 

PB* 

PL* 

PB* 

PL* 

0 

-0.695 

-0.240 

. 

- 

- 

- 

1 

-0.796 

-0.162 

1.1 

2.3 

2.7 

5.7 

2 

-0.784 

-0.197 

1.0 

2.3 

2.5 

S.7 

3 

-0.762 

-0.295 

1.0 

2.0 

2.5 

5.0 

3-1/3 

-0.662 

-0.335 

- 

20.8 

- 

52.0 

4 

-0.595 

-0.318 

- 

115.5 

- 

288.7 

5 

-0.589 

-0.320 

- 

172.8 

- 

432.0 

6 

-0.578 

-0.319 

134.4 

172.8 

336.0 

432.0 

7 

-0.574 

-0.315 

114.2 

154.2 

285.5 

365.5 

8 

-0.570 

-0.310 

192.0 

172.8 

480.0 

432.0 

9 

-0.565 

-0.303 

307.0 

198.4 

767.5 

496.0 

10 

-0.562 

-0.300 

255.0 

153.6 

637.5 

384.0 

13 

-0.548 

-0.278 

452.5 

460.8 

1131.2 

1152.0 

14 

-0.550 

-0.192 

102.1 

106.6 

255.2 

266.5 

IS 

-0.542 

-0.223 

76.8 

69.4 

192.0 

173.5 

8-day-old  (TPSW)  culture  Seitz-filtered  and  0.3835  gm  FeCl2.4H20  dissolved  in 
4  ml  sterile  seawater  added. 


P8*  -  Polarization  break  method 
PL*  -  Linear  polarization  method 


Table  VII 

Effect  of  Filtrate*  of  TPSW  Culture  to  Which  Fe**  Ions*  Were 
Added  on  the  Corrosion  of  Iron  Nails  after  20  Days 


No.  + 
Nails 

Wt. 

Loss  (mg) 

\  Original  Wt. 

Lost 

Corrosion  Rate 

(mdd) 

Min. 

Ave. 

Max. 

Min. 

Ave. 

Max. 

Min. 

Ave. 

Max. 

5 

9.7 

15.1 

19.6 

1.20 

1.92 

2.50 

22.2 

32.3 

39.7 

* 

Control 

5 

0.4 

0.6 

0.7 

0.05 

0.07 

0.09 

0.92 

1.29 

1.62 

7-day-old  culture 

0 

0.3803  gm  FeCl2  4tL0  added  to  200  ml  culture,  pll  6.7  after  addition  and  filtration. 
Fe**  ions  in  excess. 

*Nails  1.82  mm  dia. ;  Av.  wt.  0.7778  gm.  ;  Av.  length  38.0  mm. 

* 

Nails  in  uninoculated  TPSW  medium. 
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Figure  1.  Polarization  cell  and  calomel  half-cell. 


Figure  2.  Polarization  cell  showing  steel,  platinum,  and 
luggin  capillary. 
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Cgiriwn  (kjA) 


a 


Currie*  (uA) 


c 

Figure  3.  Polarization  curves  of  nild  steel  in  TPSW  mediun  in  the  absence  of  added 
ferrous  ions:  a)  1  day  after  inoculation.  Corrosion  under  cathodic  control  - 
open  circuit  potential  -0.69S  V;  b)  3  days  after  inoculation.  Corrosion  under 
slight  anodic  control  -  open  circuit  potential  -0.618  V;  c)  9  days  after  inocu¬ 
lation.  Corrosion  under  cathodic  control  -  open  circuit  potential  -C.518  V. 
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Figure  4.  Schematic  diagram  of  circuit  used  in  obtaining  rapid 
potential  variations 


Figure  5.  Surface  of  mild  steel  electrode  after  removal  from  culture  showing 
dark  film  and  areas  at  the  top  edge  where  the  film  was  detached.  White  area 
at  bottom  due  to  drop  of  KCl-agar  which  fell  on  specimen  during  drying  of 
film  (magnification  ca_  10X). 
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Figure  6.  Corrosion  rates  and  open  circuit  potentials  of  mild  steel  vs  time  in 
TPSW  culture  with  and  without  added  Fe**  ions  (2.5%  ferrous  ammonium- sulfate) . 
The  inoculum  for  each  cell  consisted  of  6-day-old  cells  in  0.5  ml  sterile 
seawater. 


Figure  7.  Variations  in  open  circuit  potential  of  mild  steel 
electrode  vs  time  in  TPSW  culture  a)  with  and  b)  without 
added  Fe**- Tons.  (18  days  after  inoculation). 
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Figure  8.  Potential  variations  of  mild  steel  electrode  (ob¬ 
tained  with  circuit  in  Figure  4)  vs  time  in  TPSW  culture 
a)  with  and  b)  without  added  Fe++~Tons  (17  days  after 
inoculation) . 


Figure  9.  "Stalactite"  formation  from  mild  steel  electrode  in  TPSW 
culture  without  added  Fe**  ions. 
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Figure  11.  Electron  scanning  micrograph  of  "stalactite"  fragment. 
(Magnification  ca  1050X). 
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Written  Discussion 


La  Que:  The  calculations  of  corrosion  rates  were  evidently  based  on  the 
dimensions  of  the  test  specimen  rather  than  on  the  area  actually  corroding 
which  is  affected  by  the  application  of  current. 

Iverson :  The  calculations  were  based  on  the  dimensions  of  the  test  specimen. 
TKIsTTf  course,  may  not  represent  the  areas  actually  corroding,  but  at 
present  the  electrochemical  techniques  are  the  best  available  techniques 
for  measuring  the  corrosion  rates  in  lieu  of  disturbing  the  system  by 
removing  the  specimen  and  determining  the  weight  loss.  In  the  case  of  the 
surface  area  of  the  electrode  where  the  corrosion  rate  was  extremely  high, 
a  black  film  was  present  over  about  1/4  of  the  area  with  the  remaining  3/4 
of  the  surface  area  severely  attacked.  The  corrosion  rate  would  be  even 
higher  if  the  measurements  were  based  on  this  area.  The  high  corrosion  rate 
was  verified  by  weight  loss  measurements  on  the  small  nails.  The  surface 
area  of  the  nails  appeared  to  be  uniformly  attacked  and  the  estimation  of 
corrosion  rates  using  weight  loss  data  and  surface  area  is  probably  close 
to  reality. 

Carlston:  Your  comments  on  the  addition  of  Fe44  to  the  aged  seawater  media 
has  to  take  into  account  the  small  solubility  of  Fe44  (and  even  smaller 
solubility  of  Fe444)  in  natural  seawater  because  of  the  precipitating  anions 
in  the  environment.  Thus,  on  a  practical  basis  in  seawater,  the  added  ions 
should  have  little  effect. 

Iverson:  That  would  appear  to  be  correct.  The  corrosion  of  the  steel 
electrode  in  seawater  without  added  ions,  with  the  formation  of  the 
stalactite  growths,  would  appear  to  be  a  more  natural  process.  Ferrous  ions 
were  added  to  the  seawater  in  an  attempt  to  demonstrate  the  increased 
corrosion  rate  in  the  presence  of  these  ions  as  noted  by  others  and  to 
possibly  get  a  better  idea  of  the  mechanism  involved.  As  it  turned  out,  the 
ferrous  ions  removed  the  S-” ,  thereby  preventing  protective  film  formation 
of  some  form  of  iron  sulfide  at  the  surface  and  thereby  permitting  the 
depolarizer  produced  by  the  organisms  to  react  directly  with  the  metal 
surface . 

Carlston :  It  should  be  made  clear  (as  by  other  discussers)  that  the  simultane¬ 
ous  presence  of  Fe34  and  S  would  indicate  that  the  sulfur  must  be  in  an 
oxidized  state  (consistent  with  free  sulfur). 

Iverson:  According  to  analysis  using  the  scanning  electron  microscope 
coupled  with  an  energy  dispersive  spectrometer,  some  free  sulfur  was  detected. 
The  results  of  the  Mossbauer  analysis,  however,  indicated  the  iron  sulfur 
compound  was  close  to  but  distinct  from  FeS2  in  its  properties.  It  would 
appear  from  these  results  that  some  oxidation  of  the  corrosion  product  had 
occurred . 

Carlston :  The  resulting  iron  material  after  heating  in  a  vacuum  at  1200#C 
shows  great  enrichment  of  C  over  the  nominal  0.2%.  Thus,  the  cathode  areas 
(Fe3C)  must  grow  appreciably  during  a  run.  This  might  be  responsible  for 
the  changes  In  corrosion  rate  with  time. 

Iverson:  It  should  be  pointed  out  that  the  product  after  pyrolysis  in  this 

case  was  quite  different  from  the  original  product.  This  was  probably  due 
to  the  fact  that  there  was  sufficient  carbon  (a  bacterial  contaminant)  in 
the  material  to  bring  about  reduction  of  the  iron  sulfur  compound  to  iron 
and  iron  carbide  upon  vacuum  heating. 

Baber:  In  the  medium,  without  ferrous  ions,  where  the  corrosion  rate 
decreased  and  then  increased  to  about  70  mdd  along  with  an  unstable  fluctua¬ 
tion  of  the  steel  potential,  what  effect  did  the  varied  metallurgical 
properties  of  the  ferrite,  cementite,  and  austenite  content  contribute  to 
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the  reversible  anodic  and  cathodic  nature  of  the  metal  microstructure  as 
evidenced  by  the  unstable  potential?  Also,  would  this  cause  a  breakdown  of 
the  sulfide  film  into  ferric  ions  and  sulfur? 

Iverson:  As  previously  mentioned,  the  ferrite,  austenite  and  cementite  are 
not  the  natural  corrosion  products.  The  unstable  potential  was  probably  due 
to  a  protective  sulfide  film  which  became  disattached. 

Baber:  In  the  experiment  where  ferrous  ions  caused  an  increase  and  then 
decrease  of  the  corrosion  rate,  what  was  the  ferric  content  of  the  protective 
film  and  the  ferrous  content? 

Iverson:  This  was  not  determined. 

Baber:  Were  the  ferrous  ions  converted  to  ferric  ions  which  provided  a 
protective  film  for  the  material? 

Iverson:  I  would  think  not  since  conditions  in  the  medium  were  highly 

anaerobic.  The  protective  film  was  probably  some  form  of  iron  sulfide. 


Summarized  Oral  Discussion 

In  reply  to  a  question  concerning  the  composition  of  the  stalactite 
material,  the  author  stated  that  the  Mossbauer  spectrum  of  the  material 
indicated  it  was  close  to  but  not  identical  to  FeSj  and  that  the  material 
also  could  have  been  an  oxidized  form  of  the  original  material. 

In  reply  to  a  question  as  to  whether  anaerobic  corrosion  could  be 
influenced  by  temperature  as  well  as  water  pollution,  the  author  stated  that 
both  factors  could  influence  anaerobic  corrosion.  One  would  generally  expect 
the  metabolic  activities  of  the  bacteria  as  well  as  the  corrosion  processes 
to  increase  with  an  increase  in  temperature.  With  an  increase  in  pollution, 
one  might  expect  an  increase  in  the  amount  of  organic  material  which  would 
provide  nutrients  for  the  bacteria  and  hence  an  increase  in  their  growth 
rate  and  metabolic  activities. 

In  reply  to  a  question  concerning  the  valence  change  of  iron  during  the 
corrosion  process,  the  author  stated  that  it  was  assumed  to  be  2  until 
further  studies  indicated  otherwise. 

In  response  to  a  question  concerning  the  correlation  between  the 
electrochemical  techniques  used  for  measuring  corrosion,  the  author  stated 
that  the  results  obtained  with  the  two  techniques  generally  were  quite 
comparable. 

In  reply  to  a  question  concerning  the  position  of  the  auxiliary 
electrode,  the  author  stated  that  it  was  usually  placed  about  5  to  10  mm 
to  the  side  of  the  specimen  and  that  the  position  of  the  electrode  probably 
would  have  little  effect  on  ;i.e  polarization  as  the  currents  were  very 
small  (usually  in  the  nanno-Ampere  range). 
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The  biologist's  view  of  the  Teredlnldee  end  their  control 
(with  e  documentary  file  on  teredo  life  histories) 


Ruth  D.  Turner  and  John  L.  Culliney 
Museum  of  Cooperative  Zoology 
Harvard  University 
Cambridge,  Mass.  02138 


Research  in  medicine  and  agriculture  has  shown  that 
effective  control  of  pest  species  begins  with  their 
proper  identification  and  a  knowledge  of  their  life 
histories.  Until  recently,  however,  research  on  the 
control  of  marine  borers  has  centered  largely  on  the 
material  being  attacked  rather  than  the  organisms  in¬ 
volved,  and  this  may  be  one  reason  for  the  lack  of 
success. 

Field  and  laboratory  studies  havs  shown  that 
Teredlnldaa  exhibit  a  great  deal  of  variability,  empha¬ 
sising  the  danger  of  generalisation.  It  would  appear, 
however,  that  one  of  the  oust  vulnerable  periods  in  the 
life  history  of  all  species  is  the  time  of  settlement 
and  metamorphosis.  At  this  stage  the  young  borer  must 
be  able  to  deposit  calcium  for  its  developing  shell, 
tube  and  pallets.  If  this  process  is  Interrupted  the 
borer  dies  before  it  can  penetrate  the  wood  deep  enough 
to  be  of  any  consequence.  Some  natural  woods  have  now 
been  found  which  have  this  effect  and  cooperative  re¬ 
search  is  now  In  progress  to  isolate  the  chemicals  in¬ 
volved  and  determine  their  action. 

The  film,  showing  the  three  types  of  life  histories 
found  in  the  Teredlnldee,  was  made  primarily  to  document 
normal  behavior,  to  form  the  basis  for  comparison  of  one 
species  with  another,  and  the  behavior  of  larvae  under 
experimental  conditions. 

Key  words:  wood  borers,  Teredlnldee,  life 

history,  control. 


As  biologists  interested  In  the  life  history  and  ecology  of 
marine  boring  and  fouling  mollusks,  it  has  long  been  our  contention 
that  the  approach  to  the  control  of  these  mollusks,  whsre  they  are 
pests,  has  not  put  sufficient  emphasis  on  the  biology  of  the  animals. 
Rather  it  has  emphasized  the  protection  of  the  wood,  metal  or  other 
material  being  used  in  the  marine  environment.  Largely  by  a  process 
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of  elimination  some  reasonably  effective  means  of  protecting  material 
In  the  sea  have  been  developed.  In  most  cases,  however,  the  biological 
reasons  for  the  results  are  unknown.  Medical  and  agricultural  literature 
Is  replete  with  reports  of  the  successful  control  of  diseases  and  pests 
which  have  resulted  from  first  knowing  in  detail  the  organism  to  be 
controlled.  We  feel  that  this  Is  the  path  which  must  be  taken  If  boring 
and  fouling  organisms  are  to  be  eventually  controlled. 

A  review  of  the  literature  has  shown  that  most  of  the  work  on  the 
systematlcs,  distribution  and  biology  of  the  Teredinldae  has  been  con¬ 
fined  to  ports  or  other  areas  where  man  Is  concerned  about  his  vessels, 
wharves,  bridges  or  other  structures.  Relatively  little  Is  known  about 
boring  and  fouling  organisms  where  man  Is  not  Involved  and  few  people 
realize  that  the  Teredinldae  are  Important  In  the  ecology  of  littoral 
and  estuarine  water  where  they  play  a  major  role  In  the  recycling  of 
woody  plant  material. 

The  first  step  in  studying  any  phase  of  the  biology  of  any  organism 
Is  its  proper  Identification.  Consequently  before  beginning  life  history 
and  ecologlc  studies  it  was  necessary  to  put  the  systematlcs  of  the 
Teredinldae  on  a  sound  basis  and  this  has  been  done  (1)  .  While  working 
on  life  history  studies  of  a  given  species  in  the  laboratory  we  have, 
whenever  possible,  studied  natural  populations  in  the  field  at  the  same 
time.  Such  studies  have  shown  for  example  that  though  the  adults  of 
some  species  may  be  able  to  extend  their  burrows  Into  the  living  tissue 
of  mangrove  or  other  trees,  the  larvae  apparently  can  only  penetrate  dead 
wood.  When  searching  for  borers  in  tropical  waters,  particularly  in 
areas  with  extensive  tides,  it  becomes  obvious  that  only  those  larvae 
survive  which  settle  In  shaded,  moist  areas  where  they  are  not  subject 
to  Intense  heat,  dessecation  and  extremely  high  salinities  during  the 
long  hours  of  exposure  at  low  tide.  The  sunbaked  margin  of  mangrove 
forests  or  the  sunny  side  of  pilings  are  usually  devoid  of  boring  and 
fouling  organisms  in  such  areas.  Using  experimental  collecting  panels 
we  have  found  that  the  spawning  of  a  single  species  may  be  controlled  in 
one  area  by  the  rainy  season  and  in  another  by  temperature  (2).  Labora¬ 
tory  experiments  have  shown  that  the  free  swimming  larval  stage  of  some 
species  can  be  prolonged  for  several  days  or  weeks  by  reducing  the  food 
or  the  teoperature ,  or  both,  and  that  when  conditions  are  returned  to 
optimum  the  larvae  will  resume  growth  and  settle  (3).  Culliney  (4) 
reported  on  delryed  settlement  and  metamorphosis  in  the  calcareous  rock, 
coral,  and  shell  borer,  Llthophaga  bisulcata  d'Orbigny,  and  suggested  that 
this  ability  may  occur  in  many  species  having  specialized  substrate  re¬ 
quirements.  Larvae  capable  of  delaying  metamorphosis  could  survive  a 
drop  in  temperature  locally  or  be  carried  long  distances  by  ocean 
currents  as  shown  by  Scheltema  (5).  Such  flndlrtgs  emphasize  the  danger 
of  generalizations  based  on  research  involving  a  single  species  or  on  a 
limited  number  of  experiments.  One  fact,  however,  conmon  to  all  species 
of  Teredinldae  becomes  increasingly  obvious  as  work  progresses  and  that 


I - 

Figures  In  parentheses  indicate  the  literature  references  at  the  end  of 
this  paper. 


84 


is  the  Importance  to  the  settling  larvae  of  the  ability  to  extract  calcium 
from  sea  water  and  deposit  it  in  the  form  of  shells,  cubes  and  pallets. 

The  valves  of  the  larvae  at  the  time  of  settlement  are  about  200  to  300  u 
in  length  and  are  strong  enough  to  excavate  a  small  depression  in  the 
softened  outer  surface  of  the  wood.  Small  particles  scraped  from  the 
surface  are  formed  into  a  ring  and  gradually  work  up  the  sides  of  the 
valves  producing  a  cone  over  the  larvae.  By  the  time  this  is  accomplished 
the  larvae  has  come  in  contact  with  the  harder  wood  surface  beneath.  Now, 
if  penetration  is  to  be  successful,  four  events  must  take  place  all  of 
which  Involve  the  deposition  of  calcium.  1)  the  impregnation  of  the  cone 
with  calcium  to  strengthen  it  and  protect  the  metamorphosing  larvae  beneath 
2)  the  development  of  the  denticulated  ridges  on  the  anterior  end  of  the 
valves  in  order  that  the  young  borer  can  penetrate  the  wood  and  grow,  3) 
the  development  of  the  calcareous  pallets  used  to  plug  the  aperture  of  the 
burrow  when  the  siphons  are  withdrawn  and  so  protect  the  now  Imprisoned 
borer  from  predators  or  adverse  conditions;  4)  the  production  of  a  cal¬ 
careous  tube  at  the  posterior  end  of  the  burrow  which  insures  the  proper 
fit  of  the  pallets  and  to  which  the  muscles  of  the  pallets  and  siphons  are 
attached.  Considering  the  minute  size  of  the  newly  settled  borer  this 
represents  an  incredible  amount  of  calcium  deposition  within  a  very  short 
space  of  time,  in  our  observations  about  6  to  10  hours.  Failure  to  do  anv 
of  the  above  means  certain  death  for  the  young  teredlnid  because  it  cannot 
grow  if  it  is  incapable  of  penetrating  the  wood,  it  cannot  protect  Itself 
without  pallets,  nor  can  it  effectively  work  the  siphons  and  pallets  with¬ 
out  the  burrow  lining.  Realizing  this  weak  link  in  the  life  history  of 
the  borers,  we  are  now  cooperating  with  wood  specialists  and  chemists  at 
the  U.  S.  Naval  Research  Laboratory  testing  the  effects  of  various  chemi¬ 
cals  extracted  from  natural  woods  known  to  be  resistant  to  borers  and 
which  our  observations  suggest  affect  the  ability  of  the  borer  to  deposit 
calcium.  Some  chemicals  may  act  as  chelating  agents  while  others  may  work 
in  ciulte  a  different  way.  We  are  doing  bloassays  using  the  chemicals  in 
various  concentration  and  some  of  these  have  proved  rather  effective.  We 
are  also  observing  the  behavior  of  the  larvae  and  their  penetration  using 
the  natural  wood  as  well  as  small  pine  discs  impregnated  with  the  extracted 
chemicals.  These  experiments  are  in  progress  so  we  cannot  report  results 
at  this  time.  The  purpose  of  citing  this  work  is  to  illustrate  the  type  of 
cooperative  research  we  believe  is  essential  to  solving  many  of  the  marine 
boring  and  fouling  problems. 

The  film  which  we  have  made  is  a  documentary  the  purpose  of  which  is 
to  show:  1)  diversity  in  the  family  Teredinidae;  2)  the  three  types  of 
life  histories,  e.g.  oviparous  or  planktotrophic  in  which  fertilization 
takes  place  in  the  sea  and  the  entire  larval  life  is  planktotrophic  lasting 
about  6  weeks  to  2  months  (example  shown,  Nototeredo  knoxi  Bartsch,  but 
including  species  in  all  genera  except  Teredo  and  Lyrodus);  short-term 
larviparous  in  which  the  young  are  held  in  the  gills  of  the  parent  to  the 
straight-hinge  stage  and  the  free  swimming  period  is  about  2  weeks  (exam¬ 
ple  shown,  Teredo  naval is  Linnaeus,  but  Including  other  species  in  the 
genera  Teredo  and  Lyrodus ) ;  and  the  long-term  larviparous  in  which  the 
young  are  held  by  the  parent  to  the  pediveliger  stage,  with  the  free 
swimming  stage  reduced  to  a  few  hours  or  about  a  week  (example  shown, 
Lvrodus  pedlcellatus  Qua tref ages,  but  Including  other  species  in  the  gene¬ 
ra  Teredo  and  Lyrodus ) :  3)  the  settlement  and  crawling  behavior  of  normal 

pedivellgers  and  finally  4)  the  penetration  of  the  larvae  into  the  wood, 
the  development  of  the  siphons,  calcification  of  the  cone  and  the  develop- 
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merit  and  function  of  the  pallets 


Having  a  documentary  film  of  the  normal  functioning  of  borers  we 
can  now  make  similar  films  of  larvae  placed  on  naturally  resistant  or 
treated  wood  and  record  and  compare  their  behavior.  This  is  one  step 
toward  understanding  what  and  how  these  chesiicals  work.  There  are  numerous 
other  experiments  where  a  knowledge  of  the  normal  behavior  and  the  use 
of  time-lapse  movies  will  prove  useful  such  as  the  study  of  the  effects  of 
the  primary  film,  competition  with  settling  larvae  of  other  species,  and 
the  effects  of  currents  on  settling. 
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Discussion 


Bowen :  You  said  you  were  not  sure  whether  there  was  supplemental  feeding 
of  plankton.  Have  you  compared  the  amino  acid  analysis  of  the  tissue  with 
that  of  the  wood  on  which  they  were  feeding? 

Culliney:  No.  This  was  done  some  time  ago  by  Dr.  Charles  Lane,  or  one 
of  his  colleagues,  at  Miami.  I  believe  they  found  that  there  was  not 
enough  amino  acids  in  wood  to  account  for  those  found  in  the  animal.  They 
speculated  that  there  must  be  some  other  source  of  amino  acids  and  thought 
perhaps  it  could  be  from  the  fungus  in  the  wood  because  the  amino  acid 
spectrum  of  the  fungus  filled  in  the  gaps  that  were  apparent  between  the 
wood  and  the  teredo.  Phytoplankton  is  very  probably  a  source  of  food 
for  these  animals  because  they  have  a  crystalline  style  and  perfectly  good 
lamellibranch  gills  and  so  are  capable  of  filter  feeding. 

Trussel  (Vancouver):  You  mentioned  the  attack  on  mangrove.  Are  live 
mangroves  attacked? 

Turner:  My  feeling  is,  after  examining  mangrove  in  Florida,  Puerto  Rico, 
Brazil ,  India,  Australia,  New  Guinea  and  Panama,  that  initial  penetration 
can  occur  only  in  dead  wood,  i.e. ,  broken  stubs  of  branches  or  twigs. 

Once  in  the  dead  wood  and  well  established  they  can  extend  their  burrows 
into  the  living  part  of  the  tree.  I  have  never  seen  evidence  of  their 
going  directly  into  living  wood.  At  one  time  I  tried  growing  small  trees 
in  tubes  and  introducing  larvae  but  I  always  lost  them.  It  was  an  almost 
impossible  experiment. 

Miller:  Would  Dr.  Turner  care  to  speculate  on  the  significance  of  economic 
damage  cost  to  man-made  structures  caused  by  teredine  borers  compared  to 
that  caused  by  crustacean  borers? 

Turner:  That  is  a  hard  question  to  answer  because  it  so  often  depends 
on  the  locality.  There  are  areas  in  Puerto  Rico  where  Martesia  are  more 
destructive  than  teredines  and  in  Guam  where  Limnoria  seem  to  be  the  most 
destructive.  I  did  not  believe  Sphaeroma  were  really  destructive  until  I 
went  to  Australia  but  at  least  one  species  there  can  cause  incredible 
damage.  In  localities  with  a  high  Limnoria  population  they  may  'control* 
the  teredines  by  so  disturbing  the  settling  young  that  they  cannot 
penetrate  the  wood;  or  they  may  so  erode  the  surface  of  the  wood  that  the 
entrance  of  adult  burrows  are  enlarged,  exposing  them  to  predators. 

Generally  if  there  is  a  consistent,  very  heavy  Limnoria  attack,  the  teredinid 
attack  is  light.  Attack  by  Limnoria  is  more  easily  detected  and  controlled, 
therefore,  I  expect  one  could  say  that  on  a  world-wide  basis  the  costs 
due  to  teredinid  activity  are  considerably  higher.  However,  conditions 
vary  and  so  one  really  cannot  generalize. 

Kuhne:  When  you  observed  such  a  large  number  of  larvae,  did  you  notice 
that  the  larvae  preferred  the  autumn  wood? 

Culliney:  We  have  not  made  any  quantitative  observations.  You  saw  in  the 
movie  of  the  penetrating  larvae  that  it  did  choose  the  less  dense  wood, 
the  wood  with  a  wider  banding. 


The  role  of  the  biologist  In  anti-fouling  research 
Dennis  J  Crisp 

N.E.R.C.  Marine  Invertebrate  Biology  Unit 
Marine  Science  Laboratories 
Menai  Bridge 

Anglesey,  North  Wales,  U.K. 


Unlike  most  other  forms  of  pest  control,  which  are  concerned  with  rather 
specific  animal  and  plant  groups  such  as  insects,  fungi  or  rodents,  marine  anti¬ 
fouling  controls  must  contend  with  a  great  diversity  of  organisms  drawn  not  only  from 
a  wide  variety  of  animal  groups  but  also  from  plants  and  micro-organisms.  The 
formidable  array  of  potential  colonisers  lying  in  wait  to  attach  themselves  to  surfaces 
exposed  to  the  sea  is  the  result  of  many  parallel  lines  of  evolution  leading  to  a 
sedentary  existence.  This  particular  luxury  is  available  to  marine  organisms  because 
they  can  rely  on  suspended  or  dissolved  nutrients  being  carried  to  them  by  water  currents 
in  the  sea.  The  number  of  known  species  involved  in  fouling  was  reported  in  1950  (U.S. 

Navy  1952M1)  as  reaching  2,000,  and  must  now  be  in  the  region  of  4,000-5,000,  while 
the  micro-organisms,  whose  study  is  in  rudimentary  state,  must  be  seriously  underestimated 
in  this  total. 

It  is  clear  that  to  obtain  detailed  information  on  the  life  history  and 
settlement  of  all  these  organisms  would  be  an  unrealistic  and  unrewarding  aim;  con¬ 
centration  on  certain  species  and  groups  has  therefore  been  necessary.  The  organisms 
considered  to  be  of  prime  importance  to  fouling  have  varied  with  circumstances  -  the 
particular  fouling  problem,  the  geographical  region,  current  shipping  practice  and  the 
state  of  the  art  have  all  had  an  influence. 

In  earlier  days,  when  sailing  ships  were  often  becalmed  for  long  periods,  it 
was  the  attachment  of  the  oceanic  stalk  barnacles  (Lepas  sp. )  that  caused  concern;  offshore 
buoys  and  rigs  are  still  faced  with  the  same  problem.  However,  modem  freighters 
and  naval  ships,  as  Visscher  showed  some  fifty  years  ago  (Visscher,  1928)  (2),  are  not 
appreciably  fouled  when  under  way,  but  as  they  spend  some  time  in  port  they  may  then 
accumulate  the  minute  post-settlement  stages  of  coastal  organisms  which  then  grow 
rapidly  during  the  voyage.  Acorn  barnacles  dominate  the  fouling  of  rich,  stuarine  areas 
where  ports  are  usually  to  be  found;  tubeworms,  Bryozoa  and  ascidians  are  abundant  in 
clearer  and  less  nutrient- rich  waters.  With  a  faster  turn-round  and  improved  copper- 
based  paints  capable  of  preventing  most  animal  settlement,  the  research  aim  had  to  be 
focused  on  the  green  alga  t  Enteromorpha )  which  grows  luxuriantly  at  the  water  line  and 
is  a  serious  problem  for  large  tankers.  As  in  medicine,  however,  overcoming  one  problem 
may  only  serve  to  throw  another  into  relief.  The  virtual  elimination  of  green  filamentous 
algae  by  new  organo-metallic  toxics,  revealed  the  presence  of  a  brown  alga,  Ectocarpus. 

This  alga  appears  particularly  resistant  and  some  varieties  appear  to  have  evolved  a 
specific  adaptation  to  copper  (Russell  and  Morris,  1970)  (3).  Problems  quite  different 
from  those  of  ships'  hulls  are  encountered  in  seawater  installations  where  pipes  and 
conduits  are  used.  Here  the  most  troublesome  organisms  are  mussels  which  cause  blockages 
and  bacteria  which  may  accelerate  corrosion.  Since  the  water  supply  can  be  controlled, 
whereas  the  surfaces  are  inaccessio.e,  the  problem  of  internal  fouling  can  be  solved  more 
satisfactorily  by  water  treatment  than  by  toxic  paints.  Continuous  chlorine  injection 
at  a  very  low  concentration  or  intermittent  heating  have  been  found  satisfactory.  Design 
is  often  the  key  factor  in  avoiding  a  shutdown  of  the  plant  for  cleaning,  but  engineers 
are  strangely  reluctant  to  consult  biologists  on  these  problems  in  advance. 

It  is  hard  to  see  how  any  scientific  or  other  investigation  can  proceed 
in  the  absence  of  an  adequate  background.  In  ordinary  life,  the  conceptual  framework 

(Figures  in  parentheses  indicate  the  literature  references  at  the  end  of  this  paper) 
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which  we  build  up  from  experience  comes  to  be  accepted  so  regularly  that  we  lose  awareness 
of  its  existence  and  importance.  In  performing  every-day  tasks,  we  pay  attention  only 
to  the  immediate  object  of  our  senses  without  recognising  that  the  sensory  information 
we  use  would  be  a  meaningless  Jargon  but  for  stored  experience.  Similarly,  in  our  adult 
scientific  society  it  is  easy  for  bureaucrats,  administrators  and  even  research  managers 
to  imagine  that  they  can  select  those  programmes  which  have  an  immediate  impact  on  current 
problems  and  finance  them  exclusively.  They  tend  to  forget  that  not  only  the  inter¬ 
pretation  of  every  experiment  and  observation,  but  even  the  plan  of  attack  or  a.  applied 
problem  is  dependent  on  maintaining  the  framework  of  knowledge  which  we  call  f>ure  science' 
Since  biology  is  a  more  complex  and  less  firmly  established  science  than  physics  and 
chemistry,  the  role  of  the  biologist  in  comparison  with  his  physical  counterpart  must  lie 
to  a  greater  degree  in  putting  down  such  foundations.  It  would  seem  inappropriate, 
therefore,  that  one  should  define  rigidly  the  scope  of  biology  in  anti-fouling  research, 
provided  one  recognises  that  the  process  of  larval  settlement  is  central  to  the  problem. 

To  give  perspective  to  the  part  played  by  biologists,  I  must  go  back  a  century  and  a 
half  when  the  physical  sciences  were  making  rapid  progress  and  forty  years  before  Darwin 
wrote  his  classic  work  on  barnacles.  The  electro-chemical  work  of  Davy  and  Faraday 
would  never  have  ranked  for  a  modern  research  grant  in  terms  of  current  shipping  problems, 
but  it  marks,  nevertheless,  the  earliest  rational  achievements  in  the  field  of  anti¬ 
fouling  and  anti-corrosion.  Their  work  led  them  to  appreciate  that  copper  sheathing, 
though  satisfactory  for  wooden  ships,  could  never  be  used  in  conjunction  with  iron; 
they  pioneered  the  use  of  zinc  sacrificially  to  prevent  corrosion  and,  most  interesting 
of  all,  Davy  showed  the  relationship  between  anti-fouling  efficiency  and  the  rate  of 
leaching  of  copper  from  the  metal  surface.  With  the  introduction  of  iron  ships,  the 
need  to  replace  copper  led  to  the  development  of  paints  made  from  various  toxic  in¬ 
gredients  and  by  purely  empirical  methods  cuprous  oxide  was  found  to  achieve  the  highest 
measure  of  success. 

By  the  time  biologists  were  introduced  into  anti-fouling  research  in  the 
1920's,  fundamental  advances  in  zoology  and  botany  had  already  provided  descriptions  of 
the  form,  life  histories  and  much  of  the  behaviour  of  the  many  groups  of  fouling  organisms 
Hie  area  which  biologists  needed  to  explore  was  the  use  of  new  kinds  of  poisons  and 
attempts  to  interfere  with  the  process  of  settlement  and  adhesion,  but  success  in  these 
fields  was  at  the  time  beyond  the  capacity  either  of  biology  or  of  the  existing  allied 
sciences.  Since  the  conceptual  framework  for  dealing  with  these  problems  was  missing, 
little  progress  could  be  made.  Biologists  working  in  paint  firms  became  subservient 
to  paint  technology;  their  prime  purpose  was  to  quantify  and  embellish  with  scientific 
names  the  crude  testing  methods  employed.  With  so  little  challenge  they  sought  an 
independent  role  and  became  more  interested  in  the  settlement  of  organisms  on  control 
panels  than  in  the  non-settlement  on  paint  films.  Studies  of  breeding  cycles  were 
useful  in  predicting  settlement  seasons  and  geographical  comparisons  of  seasonal 
successions  were  made  showing  that  at  higher  latitudes,  as  expected,  the  opportunities 
for  testing  were  confined  to  the  warmer  months  of  the  yaar.  Following  some  of  the 
principles  developed  by  plant  ecologists,  they  began  to  study  the  ecological  successions 
as  one  animal  replaced  another  on  the  panel  surface,  starting  with  primary  films  and 
ending  usually  with  a  climax  cover  of  My tllus  (Sheer,  1945)  (4).  Although  a  side  issue 
of  no  immediate  relevance  to  fouling  prevention,  it  was  from  this  type  of  study  that 
attention  became  directed  towards  larval  behaviour  and  habitat  selection. 

Primary  films  begin  to  form  by  the  adsorption  of  macro-molecules  and  the 
attachment  of  bacteria  only  a  few  hours  after  a  clean  surface  has  been  placed  in  the  sea, 
and  they  become  fully  developed  within  a  week  (Zobell,  1938,  1939)  (5,6).  It  was  noticed 
that  these  films  were  the  forerunner  of  other  fouling  organisms.  Though  wrongly  assumed 
that  they  were  essential  -  an  error  corrected  by  Miller  et  al  (1946)  (f),  and  by  Crisp 
and  Rylarvd  (1960)  (8),  it  was  nevertheless  true  that  primary  films  encourage  the  settle¬ 
ment  of  most  larvae  (Daniel,  1955)  (9).  The  conclusion  that  larvae  could  choose  between 
different  kinds  of  surfaces  came  initially  as  a  surprise. 

A  similar  enlightenment  arose  simulataneously  among  marine  ecologists.  It 
had  been  assumed  that  marine  larvae  developed  according  to  a  timetable,  and  therefore, 


wherever  they  happened  to  alight  when  the  moment  for  metamorphosis  arrived,  they  were 
predestined  to  settle.  Random  settlement  of  this  kind  would  be  incredibly  wasteful, 
particularly  for  animals  with  very  specialised  habitats.  But  the  great  interest  in 
marine  larvae  stimulated  by  Gunnar  Thorson  (1946)  (10)  on  larval  polychaetes  pioneered 
by  Douglas  Wilson  (1952)  (11)  demonstrated  that  most,  if  not  all,  larvae  could  delay 
metamorphosis  and  so  escape  the  consequences  of  a  tightly- scheduled  development.  They 
would  test  various  habitats  until  a  suitable  substratum  was  found.  Their  searching, 
though  not  necessarily  'intelligent',  involved  genuine  choice.  They  could  reject  less 
attractive,  though  acceptable,  sites  and  settle  on  the  most  attractive  ones  (Crisp  and 
Meadows,  1963  (12),  Crisp,  1973a  (13),  1973b  (14). 

Larval  choice  experiments  can  be  carried  out  in  a  simple  apparatus  in  which 
a  variety  of  test  objects  are  placed  at  the  periphery  of  a  rotating  dish  and  offered 
simultaneously  to  the  larvae  .  It  has  been  demonstrated  by  this  means  that 

many  larvae  settle  in  response  to  substances  that  represent  important  clues  in  the 
natural  environment.  Certain  barnacles  and  oysters  are  gregarious  and  settle  on  surfaces 
that  have  been  soaked  in  extracts  of  their  own  species  (Crisp  and  Meadows,  1962)  (15), 

Crisp,  1967  (16),  Bayne,  1969  (17)),  while  some  hydroids,  Bryozoa,  and  species  of  the 
tubeworm  Spirorbis  prefer  surfaces  soaked  with  extracts  of  the  marine  alga  on  which  they 
are  usually  found,  (Crisp  and  Williams,  1960  (18),  Williams,  1964  (19),  1965  (20)).  It 
has  been  shown  that  the  settling  response  of  barnacle  cyprids  is  mediated  either  by 
contact  with  an  adsorbed  film  of  protein  extracted  from  the  integument  of  its  own  species, 
or  by  contact  with  the  integument  itself.  It  does  not  require  the  diffusion  of  any 
material  from  the  surface.  The  recognition  of  specific  proteins  at  a  surface  must  involve 
a  novel  sensory  mechanism  not  yet  understood.  However,  the  fact  that  the  larvae  choose 
between  surfaces  independently  of  any  diffusion  process  may  offer  a  new  dimension  in  anti¬ 
fouling  research  -  the  concept  of  a  long-lasting  repellent  surface  not  requiring  the 
leaching  of  limited  reserves  of  toxic  material. 

A  recent  interest  in  larval  biology  has  led  to  improved  rearing  techniques. 
These  have  yet  to  be  applied  to  the  testing  of  paint  films,  but  there  now  exists  the 
knowledge  necessary  to  carry  out  tests  under  controlled  laboratory  conditions  throughout 
the  year  with  much  greater  precision  than  would  be  possible  under  raft  conditions  in  the 
sea.  Methods  have  also  been  developed  in  which  porous  materials  have  been  used  to 
imitate  a  paint  surface  through  which  toxic  materials  are  allowed  to  diffuse  at  a  controlled 
rate  (Christie  and  Crisp,  1963  (21)).  By  dissociating  the  problems  of  paint  formulation 
from  those  of  screening  candidate  substances,  a  much  larger  number  of  new  poisons  can 
be  tested  in  a  given  time. 

So  far,  I  have  considered  two  biological  approaches  to  the  settlement 
problem;  first,  the  time-honoured  method  of  killing  the  larva  by  local  concentrations  of 
poison  and,  second,  by  discouraging  it  before  it  consummates  the  act  of  settlement. 

The  third  possibility  is  to  interfere  with  the  process  of  adhesion  which  takes  place 
after  settlement.  Studies  of  these  mechanisms  and  of  the  substances  used  are  being 
vigorously  investigated  for  algae  (Evans  and  Christie,  1970  (22))  and  for  barnacles  and 
other  organisms  (Lindner  and  Dooley,  1973  (23),  Crisp,  1973a  (13).  A  physical  or  chemical 
means  of  preventing  adhesion  could  well  lead  to  a  novel  solution  of  the  fouling  problem. 

It  is  appropriate  that  much  of  this  promising  work  is  being  done  in  uni¬ 
versities  and  government  laboratories,  financed  in  part  by  progressive  firms  in  the 
marine  paint  and  shipping  industries.  For  these  studies  have  a  much  wider  application; 
the  discovery  of  settlement-inducing  substances  is  of  importance  to  the  shellfish 
industry  and  has  already  found  use  in  oyster  hatcheries,  while  many  industrial  and  medical 
applications  are  awaiting  advances  in  the  technology  of  underwater  cements  and  adhesives. 

Within  the  paint  industry  itself,  the  past  forty  years  has  witnessed  a 
considerable  improvement  in  the  reliable  life  of  cuprous  oxide  paints,  but,  apart  from 
the  recent  introduction  of  some  new  organo-metallic  based  paints,  very  little  progress 
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indeed  on  novel  or  imaginative  lines.  Much  of  the  research  has  been  repetitious  on 
account  of  the  numerous  firms  all  engaged  in  parallel  investigations  on  traditional 
materials  and  the  progress  achieved  appears  to  me  to  have  been  unduly  costly. 

For  the  sake  of  future  developments,  it  is  worth  considering  the  causes  of 
this  disappointing  rate  of  progress.  I  would  suggest  three  factors  stand  out.  First, 
it  has  to  be  recognised  that  copper  oxide  as  a  basis  for  anti-fouling  paint  is  difficult 
to  improve  upon.  It  has  a  high  toxicity  over  a  wide  spectrum  of  groups  of  animals  and 
plants.  It  is  not  difficult  to  prepare  and  formulate  nor  unduly  expensive.  Hence  the 
tendency  in  the  industry  has  quite  understandably  been  to  seek  improvement  in  cuprous 
oxide  paints  rather  than  to  search  for  other  materials  and  methods.  Secondly,  the 
performance  of  ships'  paints  is  notoriously  variable  even  under  raft  conditions,  let 
alone  on  ships.  Sales  cannot,  therefore,  be  expected  to  rise  sharply  following  the 
introduction  of  a  marginally  improved  product;  indeed,  by  the  time  a  new  product  has 
proved  itself,  competitors  will  already  be  marketing  compositions  skilfully  slipped 
through  the  net  of  the  patent  laws.  In  this  situation,  investment  in  exploratory  science 
is  difficult  to  justify  against  investment  in  sales  and  advertising.  Thirdly,  the 
structure  of  the  industry  mitigates  against  scientific  progress.  It  consists  of  a 
number  of  relatively  small  competing  units  usually  working  on  small  profit  margins;  none 
of  them  are  capable  of  sustaining  a  major  research  effort  such  as  the  problem  needs. 

Nor  is  it  possible  to  imagine  their  being  able  to  co-ordinate  their  efforts  within  the 
existing  commercial  system. 

During  the  war  years,  one  had  a  glimpse  of  what  co-ordination  might  achieve, 
both  in  Britain  and  in  the  United  States,  during  a  period  when  private  gain  could  be 
subjugated  to  national  enterprise.  Rapid  progress  was  made  towards  an  understanding  of 
the  fundamentals  of  the  fouling  problem.  The  results  were  published  in  the  Journal 
of  the  Iran  and  Steel  Institute  in  the  United  Kingdom,  and  in  the  Wood's  Hole  book  on 
marine  fouling  in  the  United  States;  the  latter  remains  a  classic  on  the  subject.  Once 
again,  the  problem  demands  a  similar  interdisciplinary  approach,  with  full  co-ordination 
of  the  scientists  involved.  Moreover,  there  are  two  new  factors  which  are  likely  to 
reveal  more  clearly  than  hitherto  the  deficiencies  of  the  present  system.  First,  there 
is  a  distinct  possibility  that  restrictions  may  be  placed  on  the  use  of  certain  poisons. 
Mercury  is  almost  certainly  to  be  banned.  There  is  little  case  to  be  made  against  the 
use  of  copper  since  it  is  a  relatively  abundant  element  in  seawater  in  the  ionic  form 
and  the  contribution  from  ships'  paints  is  negligible  compared  with  that  reaching  the 
sea  from  natural  drainage.  Nevertheless,  it  is  possible  that  its  use  may  be  resisted. 
Organo-tin  derivatives,  though  rapidly  degraded  in  seawater,  may  suffer  a  similar  fate. 

If  such  legislation  is  applied,  there  will  need  to  be  concerted  efforts  to  find  new 
and  acceptable  materials  or  quite  different  methods  of  protecting  ships. 

The  second  and  more  fundamental  reason  why  a  new  approach  is  required  is  the 
need  for  really  long-lasting  paints,  perhaps  of  five  or  more  years  duration.  The  need 
arises  as  anti-corrosive  paints  improve  and  the  possibility  of  underwater  inspection 
and  repair  make  dry-  locking  less  frequent.  The  time  scale  precludes  any  possibility 
of  such  paints  being  developed  empirically  by  the  old  methods  of  testing.  More  reliable 
tests,  using  continuously  reared  test  organisms  under  laboratory  conditions,  plus 
accelerated  methods  of  exposure,  must  be  tried,  but  past  experience  indicates  that  rate 
processes  are  among  the  most  difficult  to  scale  up.  The  other  alternative  is  to  replace 
empiricism  by  design.  For  this  purpose,  we  need  to  know  the  principles  on  which  marine 
paints  operate  to  such  a  degree  of  refinement  that  performance  can  be  predicted.  We  need 
to  know  what  characteristics  of  solubility  and  biodegradability  in  the  paint  film  and 
in  seawater  are  required  for  a  toxin  to  work  successfully.  We  need  to  know  the  diffusion 
properties  of  a  wide  range  of  paint  matrices.  We  need  investigation  into  two  layer  paints 
to  find  how  far  initial  losses  of  toxic  can  be  minimised.  It  is  also  essential  that  any 
alternative  methods  to  the  use  of  anti-fouling  paints  should  be  fully  investigated. 

It  is  likely  that  these  needs  are  beyond  the  capacity  of  commerce,  and  it 
will  be  necessary  for  national  and  university  laboratories  to  pioneer  much  of  the 
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fundamental  research 


Fortunately,  much  of  the  Information  on  the  physics,  chemistry  and  biology 
of  the  settlement  of  fouling  organisms  which  is  required  in  order  to  seek  new  methods 
of  fouling  prevention  is  identical  to  the  information  required  for  marine  cultivation, 
though  the  aims,  so  far  as  the  organisms  are  concerned,  may  be  the  opposite.  Govern¬ 
ments  are  already  aware  of  the  need  to  promote  research  into  the  rearing  of  ccmnercially 
exploitable  animals  and  the  findings  of  this  research  are  quite  like  to  be  of  value 
to  the  anti-fouling  problem  just  as  work  on  barnacles  led  to  the  production  of  sub¬ 
stances  useful  for  stimulating  the  settlement  of  oysters,  (Crisp,  1967  (16),  Bayne, 

1969  (17>).  It  would  be  a  mistake,  therefore,  to  judge  either  the  past  work  or  the 
future  potential  of  larval  biology  in  terms  of  a  single  application. 

Lest  I  have  been  too  disparaging,  a  backward  look  over  the  past  350  years 
will  serve  to  show  how  far  biologists  have  advanced  in  their  understanding  of  barnacle 
fouling  and  the  biodegradation  of  wood.  In  Gerard's  1 2 3 4 5 6 7 8 9 10 11  Herbal  1'  (1597),  one  can  see  how 
the  absence  of  a  basic  scientific  framework  allows  utter  confusion  between  observation 
and  interpretations-  'for  travelling  upon  the  shores  of  our  English  coast  between 
Dover  and  Runmey,  I  found e  the  trunke  of  an  olde  rotten  tree,  which  (with  some  helpe 
that  I  procured  by  fishermens  wives  that  were  there  attending  upon  their  husbands 
retume  from  the  sea)  we  drewe  out  of  the  water  upon  dry  lande:  on  this  rotten  tree 
I  found e  growing  many  thousands  of  long  crimson  bladders,  in  shape  like  unto  puddings 
newly  filled  before  they  be  sodden,  which  were  verie  cleere  and  shining, at  the  neather 
end  whereof  did  grow  a  shell  fish,  fashioned  somewhat  like  a  small  Muskle,  but  much 
whiter,  resembling  a  shell  fish  that  groweth  upon  the  rocks  about  Gamsey  and  Garsey, 
called  a  Lympit:  many  of  these  shels  I  brought  with  me  to  London,  which  after  I  had 
opened,  I  found e  in  them  living  things  without  forme  or  shape;  in  others  which  were 
neerer  come  to  ripeness,  I  found  living  things  that  were  very  naked,  in  shape  like  a 
Birde;  in  others,  the  Birds  covered  with  soft  downe,  the  shell  halfe  open,  and  the 
Birde  readie  to  fall  out,  which  no  doubt  were  the  foules  called  Bamakles:  howbeit 
that  which  I  have  seen  with  mine  eies,  and  handled  with  mine  handes,  I  dare  confidently 
avouch,  and  boldly  put  downe  for  veritle'. 
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Preparation  das  tlleo  da  conotruction  navala  avant  application  da  peinturen 

0.  Jechaux,  IngAnieur  an  Chaf  Honoraira  du  UAnie  Maritime 

PrAeident  da  1' Anoooiation  daa  IngAnieurs  on  Anticorrosion  da 
Franca  at  da  l'bnion  Frangaiaa  (1956  -  1972) 

Constitution  da  la  calamine  d'eprAn  dan  travaux  rAcents.  La  FeO  pout  Ctrt 
confondu  nvec  l'acier  nu.  PosaibilitA  da  lo  dint insuer  par  exposition  aux 
in  tempAriee  ,  aaani  au  liO^Cu,  coupe  micrographiqua .  Inconvenient*  da  cea  pro- 
cAdAo  dans  lea  proceonus  induatriels  actuals.  Inconvenient  de  la  calamine. 
Description  da  deux  mAthodos  rapidee,  non  daatructdcao  non  polluantea  l  eva¬ 
poration  d if fAren tialle  da  W.d.,  relevA  do  la  topogrnphia  Alectrochimique 
euperf iciello  A  l'aide  d'ur.c  electrode  Ag/Agce,  1 ' electrolyte  conaiBtant  an 
un  papier  imbibe  d'alcool  denature. 

Ca  dernier  precede  permet  da  verifier  la  dAcslaminage  at  la  d Acarburat ion 
locale. 

Leo  risques  d ' Hggravat ion  da  la  corroaion  due  A  la  presence  de  calamine  our 
lee  tOles  da  navire,  at  par ticuliArement  our  lea  t61en  de  carenes,  tont  bian 
connup  dapuie  long temp a.  II  y  a  plus  d'un  siAcle  qua  M.  Becqueral  pnrlait  da 
l'aotion  nAfaote  da  "l'oxyde  das  bnttituree"  sur  la  corrosion  das  carAnes. 
Auoei,  depuin  la  miaa  on  evidence  da  ce  fait,  a-t-on  mis  an  oeuvre  das  pre¬ 
cedes  de  plus  an  plun  sflrs ,  rapiden  at  parfactionnen ,  destines  A  eiiminor 
complAtement  cetta  calamine  da  In  nurfnea  den  tOlan. 

Knie  ant-on  certain  quo  los  oxamens  actuals  courants  permettent  de  verifier 
quo  l'on  a  hien  attaint  la  but  ? 

Cast  ce  su.let  quo  nous  allonn  traitor  an  dAcrivant  d'abord  la  calamine  et, 
uprAa  expose  -critique  doe  divers  contrOles  courants  de  l'efficnoit6  du  dA- 
culuminnjte,  noun  propoaorons  deux  asaiis  non  daatructifs  porraottant  rapide- 
ment  de  cnractAriiar,  sans  douta  posaiblo,  l'Atat  da  la  surface  Bounin*  au 
d^cnlnalnas*  du  point  do  vue  corrosion.  Nous  soulignonn  "non  deotructif a" 
ci  "cm  j  demon  t "  cur  il  eat  essential  do  suivre  le  rytn.ro  "iniuatricl"  de 

preparation  U<  surface  (at  d ' application  de  peinture),  sans  faire  do  prAlA- 
verents  ni  sons  dAnaturer  ou  polluor  la  surface  A  examiner. 

La  calamine  eat  constitute  d'une  succession  de  couches  d'oxydes  de  fer  aJ-lant 
du  moina  oxydA  nu  plus  oxydA,  A  partir  da  la  surface  du  mA t -.1  :  FeO  Fa-0. 
p®2°3  • 

La  thfcse  de  K.  Collonguee  (1)  a  min  en  Avidence  les  lacunas,  e'eet-u-dire  la 
composition  non  stoachiomAtrique  do  cos  oxyden,  en  purticulier  de  FeO. 

Ueux  communications  rAcenteo  permettent  da  voir  un  peu  plun  clair  dans  la 
constitution  de  ces  couches. 

Dans  la  premiAre  J.  Mnnonc  at  G.  Vngnnrd  (2)  Atudient  "  A  l’nide  de  la  micro— 
"  graphie  optique  at  de  In  npectromA trie ,  l'oxydation  d'alliageB  Fe-C 
"  (C  antra  0,1  fc  et  0,6  ' J)  oxydAs  dnnn  l'air  ou  dune  un  mAlnnge  Hg  et  HgO 
"  entre  700°  et  900°  C. 

"  Cette  etude  montre  quo  la  cinAtique  d'oxydation  n'ent  influcncAe  par  In 
"  prAsenee  de  carbon*  qu'A  800*  at  au-densous.  Cette  oxydation  ent  encore 
"  plus  lento  que  pour  le  for  pur.  Fuinquo,  quelle  que  soit  Is  tempArntur*, 

"  un  ear ichiasement  en  Carbone  au  voisinnge  immAdint  de  1' interface  a  AtA 
"  constato,  I'activitA  du  fer  duno  l'oxyde  n'ent  pas  modifiAe  A  haute  tempA- 
"  rature  du  fait  de  la  prAsenee  de  carbon*  dnnn  l'allingo  . 

"  Knfin,  la  d Acarburs t i on  oe  produit  localement,  sans  doute  pur  voie  gazeune, 
"  A  trnvero  deo  fissures  ou  In  cnlnmina  s' eat  dAcollAe  et  non  par  migration 
"  A  l'Atnt  solid*  dans  l'oxyde  puinque  le  carbons  y  a  une  nolubilite  nAgli- 
"  geable  "  . 

Dunn  la  seconds  communication,  Philippe  Delbourg  (3)  Atudie  la  formation,  la 
croissance  et  1'udhArence  do  In  calamine  sur  quelques  t.vpen  d'aciers  de  cons¬ 
truction  A  l'aide  d'une  thermobalance  (A  pesAe  continue)  ou  de  penAeo  a uccec- 
sives  et  d'une  analyse  dos  Achantillons  A  la  microsonde  Alectronique  de 
Cnstninp. 

Dana  le  can  de  l'acier  extra  doux  (C  ^  0,13)  en  pnrtant  de  la  surface  en  con¬ 
tact  avec  1 ' ntmosphAre ,  on  rencontre  toujours  lee  constituants  suivnnts  s  une 
trAs  mince  couche  de  FepO j  (hAmntite)  eouvtnt  discontinue  ou  frngmentAe,  une 
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mine*  couche  da  Pej04  (magnAtite)  dont  1*  interface  avec  lo  protoxyde  PeO  ooub- 
jacent  eat  remarquablcment  rectiligne,  une  couche  importanto  de  PeO  (protoxyde 
de  for)  A  cristaux  baaoltiquos .  Cette  phaee  n’eat  jamais  atoechiomAtrique 
(Pef-xo)  ;  elle  eat  appelAe  wiietite  par  de  nombreux  auteurs.  Dans  cette  couche 
d'oxyde  se  trouvent  des  granules  de  PejO^  qui  ont  prAcipitA  dons  la  partie 
aupArieure  (ou  externa). 

L'auteur  appelle  "calamine  proprement  dite"  l'enaemble  de  cou  trois  couchee 
d’oxydea  de  fer. 

Kn  contact  avec  le  mAtnl  sain,  on  trouva  une  autre  couche  d'oxydation,  que  cen- 
taine  auteura  appellant  "zone  oontnminAe"  et  qui  eat  composes  d'une  phase  de 
PeO  A  crio tnlliaation  fine  polyAdrique  dans  laquelle  lee  grains  eont.  sipar^o 
par  une  phase  plus  foncAe  J  le  silicate  de  fer  Fa23i04  (Payalito). 

"Solon  In  temperature  d'oxydation  (ontre  1000°  et  1300#C),  lo  combustible, 

"  le  factour  d'air(  ~£ltr '  u  combu,ltion  ).  lo  rourceritage  de  l'A- 

"  pair.eeur  de  la  zonS  Son  tn85nle8nlpar1?nBport  k  l'Apaisueur  de  la  cnluiuine 
"  varie  do  1  , B  >  A  16,1  'A  . 

*  Drum  le  cun  ou  1 ' adherence  de  In  calumine  no  viendrait  puo  a  Gtre  perturb6e 
H  par  une  cause  ext6rioure,  lee  proportions  des  diff£rento  oxydeo  seraient  de 
"  1  A  ,  4  *  et  95  A  respoctivement  pour  P50O3  ,  Pe304  et  PeO  "  . 

(3hreir  donna  10  A  20  A  70  (5  -  Hauffe  7  %  15  ^  78  A  -  Fancutt  et  Hudson 
donnent  pour  PeO  entre  40  et  95 A) . 

La  couche  mixta  (zone  contamlnAe )  en  contact  avec  le  mAtnl  out  tree  ndhArente. 
Mais  le  protoxyde  de  for  aprAs  sablage  ou  grenaillage  a  lo  m£me  aspect  ( m8me 
couleur,  mime  brillant)  que  l'acier.  Comma  ce  point  eet  le  point  essential  de 
notre  exposA,  nous  nous  appuierons  aur  quelques  rAfArenceo. 

AprAs  aablnge  ou  grenaillage,  on  obtient  "une  surface  de  couleur  grise, 

"  demi-mate  due  A  l'oxyde  de  fer  grie  (FeO)  qui  subsiete  A  1*  interface  er.tre 
"  l'acier  aupposA  idAaloment  propre  et  le  eolde  de  la  croOte  de  calamine  " 

(4)  (p.41 3) . 

Un  excellent  entrepreneur  de  peinture  (4)  (p.416)  demande  "qu'aucuno  peinture 
"  ne  soit  appliques  avant  un  intervalle  de  24  heures  aprlo  snblngo.  TouteB 
"  lea  parties  preoentant  aprts  co  lape  de  temp3  des  tnches  bleu&tres,  rAvAlant 
"  la  presence  de  calamine,  aeront  k  nouveau  dAcapAes  et  k  24  heures  nu  moins 
"  avant  mise  en  peinture  " . 

La  mSme  observation  est  effectuAs  dans  un  autre  domains  (5)  :  la  galvanisation 

k  chaud.  R.  SouekA  signals  que  "  le  protoxyde  de  fer  FoO  . .  bien  que  mA- 

"tastabla  k  la  temmlrsture  ordinaire  n'en  met  pas  moins  un  temps  trAn  lon/r 
"  pour  se  transformer  en  oxvde  mngnAtiaue.  8on  aspect  out  noir  ou  gris  trAs 
"  fonoA  j  il  cristallise  dans  le  aystAme  cubique  ;  il  cat  extrC-mement  dur 
"  si  bien  que  son  poliseage  peut  itre  rAaliaA  et  le  fairo  confondre  avec 
"  l'acier  "  . 

Enfin,  nous  rencontrono  dons  notre  sujet  prAcio  ;  tClen  do  construction  nava- 
le,  le  mAmoire  de  R.W,  Wilson  et  J.J.  Zonaveld  (6). 

"  Il  eat  trAs  difficile  do  distinguer  entre  la  surface  de  l'ucier  "A  blanc" 

"  et  le8  couches  profondes  de  la  calamine  carnet ArieAea  par  un  oxydo  gris  ". 

Ceci  explique  ce  que  dioent  prAcAdemment  ces  auteurs  duns  le  m6me  mAmoire, 

A  oavoir  "  qu'A  l'heure  nctuelle  l'usage  le  plus  courant  ost  de  lnioser 
"  rouiller  les  surfaces  decalaminAea  pendant  la  pAriode  do  construction  du 
"  navire  puis  de  les  broo3er  juste  avant  1 '  application  doo  pointureo  "  . 

Cost  ce  que  faisait  1' entrepreneur  dont  nous  avons  dorm  A  l'ovis  et  e'ent  le 

procAdA  que  noun  appliquions  pour  v6rifier  s'il  subsistnit  de  In  calamine  our 
les  carAnea  sablAes  A  1' Arsenal  de  Toulon,  il  y  a  quarunte  ami. 

Bn  rAsumA  t  nprAs  grenaillage  ou  sablage.  la  simple  apprAciation  de  1' aspect 
de  la  ourfnee  ne  permet  nas  de  dire  si  l'on  a  affaire  A  l'acior  "A  blanc"  ou 
au  protoxyde  de  fer. 

Tour  dAterminer  le  taux  de  dAcnlaminage  rAalisA  par  grennillnge,  nous  sommes 
dAjA  en  possession  d'une  rnAthode  pratique  qui  o' applique  A  un  ouvrage  en  cours 
de  construction  ou  terminA  t  exposition  aux  intempArieo  nuturelles  qui  donne 
de  la  fleur  de  rouille  (on  24  heures)  sur  les  surfaces  miaeo  A  nu,  leo  rAgions 
oA  subsiote  FeO  tendant  A  donner  lentement  des  tachen  bleuAtreo  ^'*304 .  Ce- 
pendant,  ce  dAlai  de  24  heures  est  trop  long  pour  une  Atude  comma  cells  de 
Wilson  et  Zonsveld  qui  se  propoeaient  comma  but  final  1 ' application  de  priraai- 


95 


3. 

re  d' atelier  (shop  primer}  aur  tfiles  dAcalaminAes  par  grenaillage  industrial. 
Pour  determiner  le  taux  de  dAcalaminage  r Amlin A,  ils  ont  eu  reeours  4  deux 
mAthodes  i  l'une  de  laboratoire,  l'autre  d'atelier. 

Au  laboratoire.  ile  examinant  dee  coupes  mAtallographiques.  Le  taux  de  net- 
toyage  eat  obtenu  par  comptage  at  nesure ■  l>a  coupe  donnAe  dans  leur  mAmoire 
(fig. 9)  montre  qua  90  '.>  environ  linAaire  est  recouvert  de  FeO  c'est-A— dire 

ligne  oalaminA^  __  ,  9f  em  qui  donna  pour  le  rapport  des  surfaces  81  ,c'est- 
4-8?ren§uecpIuB  Se*98  >  de  la  surfaoe  sot  encore  calamine. 

Au  chantier,  on  applique  un  tampon  contenant  304  Cu  (4  %  304  Cu  dans  H2SO4  A 
1  ‘fo)  sur  la  surface  A  examiner.  Le  cuivre  se  dApoee  sur  l'acier  mis  A  nu  et 
non  sur  la  calumine  qui  apparalt  alors  an  sombre  sur  fond  de  cuivre.  Cette 
indication  correspond  A  cello  qua  donna  1' exposition  aux  intempAries  mprAs 
24  heures . 

Rappelons  ici  quelquee  donnAes  sur  lea  ineonv6nients  de  la  calamine. 

J.C.  Mores  (7)  donna  uno  micrographie  qui  Set  en  evidence  sous  la  peinture 
riche  en  sine  la  formation  de  rouille  autour  d'une  Acaille  de  laminage  qui 
n'avait  pas  AtA  AliminAe.  Or.  aotuellement.  en  Europe,  dans  lee  chantiers  im- 
portants,  on  prend  sur  pare  touteB  lee  tOles  et  profiles  qui  entrant  dans  la 
construction  du  navire.  on  lea  grenaille  et  on  leur  applique  immediatemsnt 
uno  couche  de  peinture  primaire  d ' at tente cu «f atelier  dans  une  machine  auto¬ 
mat  ique  qui  fait  dAfiler  la  tfile  A  une  certaine  vitesse  sous  la  grenailleuse 
et  ensuite  devant  la  machine  A  poind re,  A  moine  qua  oette  operation  n'ait 
ddjA  Ate  effeetuAe  en  aciArie.  Et  le  primaire  d'atelier  est  en  gAnAral  une 
peinture  riche  en  sine,  sAchant  trAs  rapidemont.  Nous  voyons  done  1'intArAt 
d'Aliminer  toute  trace  de  calamine,  mAme  avec  ces  peinturee  qui  fonctionnent 
comma  proteotion  oathodique,  grftce  A  la  poussiAre  de  ainc. 

La  difference  de  potential  entre  calamine  et  aoier  dans  l'eau  de  mer  est 
donnAe  dans . plunieure  mAmoires. 

M.  Paul  Ffiald  (8)  donna  pour  la  d.d.p.  entre  aoier  nu  et  omlaaine  dans  l'eau 
de  mer  26  mV,  soit  cello  qui  axiste  entre  le  cuivre  et  l'acier  nu  (25mV). 

Com.-ne  le  fit  remarquor  le  Dr.  T.P.  May  (p.645  rAf .8)  la  d.d.p.  entre  cuivre 
et  acier  est  plutfit  de  l'ordre  de  200  A  300  mV  qua  25  mV.  La  valour  trouvAe 
par  P.  Ffield  est  due  aux  polarisations  A  1' anode  et  A  la  cathode  produites 
par  la  circulation  du  courant  (of  diagramme  claseique  de  Evans). 

J.C.  Rowlands  (9)  donna  les  potentials  de  l'acier  doux  et  de  la  calamine  A  ana 
l'eau  de  mer  A  20*C  par  rapport  A  une  Aleotrode  de  rAfArence  au  calomel  aatuA 
Elios  eont  respec tivement  -  650  mV  et  -  200  mV,  ce  qui  donne  une  d.d.p.  entre 
calamine  at  acier  doux  de  450  mV.  Shreir  donne  300  mV.  Signalons  quo  eelon 
Vetter,  les  trois  oxydas  de  fer  connue  ont  par  hasard  des  potentials  trAs 
voisins. 

Dans  sa  communication  (8)  F.  Ffield  donne  les  rAsultats  d'esoais  sur  1' in¬ 
fluence  des  rapports  Surface  oalaminAe/Surface  d* acier  nu.  II  opAre  sur  des 
Aprouvettes  de  12  poucea  carrAs  on  sablant  5,  10,  25,  50  et  100  jt  do  la  sur¬ 
face  totals.  II  a  trouvA  qua,  pour  la  mime  durAe  d' exposition  dans  l'eau  de 
mer,  la  corrosion  de  la  surface  nue  exprimAe  en  pouces  |ar  an  Atait  respec* 
tivement  9  -  6,66  -  3  -  1  ,6  et  1  en  prenant  conns  unitA  la  corrosion  de  la 
surface  entiArement  sablAe  1  0,005  pouce  par  an.  Mettons  ces  rAsultats  sous 
forme  de  graphique  (fig.  l)  avec  en  atomiser  le  rapport  Surface  calajninAe/ 
Surface  acier  nu.  On  voit  qua  jusqu'A  prAs  de  10  %  de  calamine  restante,  la 
corrosion  est  pratiquement  proportionnelle  au  rapport  de  ces  surfaces. 

Retenons  de  ces  chiffres  qu'en  circuit  ouvert  la  calamine  a  A  peu  prAs  la 
mAme  difference  de  potentiel  galvanique  qua  le  cuivre  par  rapport  A  l'acier, 
et  qua  la  oorrooion  qu'elle  provoque  est  proportionnelle  A  la  surfaoe  qu'elle 
occupe  par  rapport  A  l'acier  nu  lorsqu'elle  est  partiellement  AliminAe. 

Pour  assurer  le  suooAe  d'un  rovAtement,  la  calamine  doit  done  Atre  AliminAe 
au  maximum  possible. 

Mais  outre  la  oaiamine,  la  eurfaoe  de  la  tfile  peut  presenter  d'autres  hAtA- 
rogAnAitAs  looniest  inclusions,  dAcarburation.  La  dAoarburAtion  peut  Atre 
plus  sensible  pour  certaine  nodes  d* Aleboration  des  aciers.  Ces  hAtArogAnAi- 
tAs  crAent  des  mioropiles,  mAme  si  la  oaiamine  a  At  A  entiArement  AliminAe 
et  oomme  alias  font  partie  intrineAque  du  mAtal,  un  grenaillage  plus  poussA 
revient  A  mauler  1' aoier.  Nous  avons  rencontrA  des  tfiles  dont  la  dAcarbura- 
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tion  ntteignait  urn  profondeur  de  152  px.  II  eat  regalement  essential  de  connal- 
tre  la  presence  de  ces  hAtArogAnAitAs  ear  la  corrosion  locale  qu'elles  entrat- 
nent  ne  peut  Stre  AvitAe  qu'en  aaoociant  au  revltement  une  protection  catho- 
dique  par  anodes  sacrif icielles  ou  courant  impost.  Nous  avons  vu  eii  effet  que 
la  protection  cathodique  confArAe  par  la  peinture  riche  en  sine  ne  suffisait 
pas.  Nous  n'  insiaterons  pas  plua  sur  ees  AventualitAs  -  maie  nous  devrons  en 
tenir  compte  pour  notre  examen  des  tOles  aprts  grenaillage.  Dans  ce  cas, 
seule  la  coupe  miorographique  peut  donner  une. indication. 

Nous  en  sommes  done  arrivAa  au  point  auivant  i  nv ant  d'appliquer  un  primaire 
sur  une  t81e  grenaillAe,  il  eat  essential  de  savoir  si  toute  la  culumine  eat 
AliminAe  et  ai  l1 on  n'a  pas  affaire  A  un  mAtal  prdsentant  des  hAtArogAnAitAs 
superf iciellea. 

Pour  lea  preparations  industrielles  actuellea,  nous  Aliminono  lea  contrClea 
suivnnta  I 

1  -  examen  victual  (Acholle  ouAdoine  pur  ax.)  I  iiiufficiice 

2  -  exposition  aux  intempAries  :  trap  lone 

3  -  essai  au  sulfate  de  cuivre  :  polluant 

4  -  coupe  mAtallographique  et  examen  au 

microscope  s  destructeur  et  relntivement 

long 

Une  oritique  n'aat  valable  que  si  ella  eat  positive,  c'est-A-dire  si  l'on 
propose  une  solution  meilleure  corrects  au  problems  posA. 

Nous  voulions,  de  plus,  une  solution  non  destructrice,  non  polluante  et  per- 
mettant  d* explorer  rnpidement  une  surface  ou  une  ligne  de  la  surface.  Nous 
avions  envisage  des  mAthodes  magnAtiques  par  courant  de  Poucault.des  easaia 
de  microduretA ,  par  rayons  Z  ou  y.  Finulement,  nous  avonc  eu  recours  k  dee 
solvonts  qui  s'Aliminent  simplement  par  Evaporation.  Les  deux  solutions  que 
nous  proposons  permattont  la  premiAre  (en  date)  1' essai  de  toute  la  surface, 
la  seconds  l'exploration  linAair*  sur  une  ligne  aussi  longue  qua  l'on  vrut. 
Nous  aviona  d'abord  envisage  avec  J.  Frasch  un  examen  basA  sur  la  diffArence 
de  vitesee  d • Evaporation,  due  A  la  diffArence  d 'adsorption  du  solvnnt  entre 
lea  rAgiona  misss  k  nu  et  les  rAgions  encore  calaminAeo.  II  s'agissait  de 
vArifier  I'effioacitA  du  dAcalaminaga  A  la  flamme.  Comma  solvent,  nous  aviona 
utilisA  le  white-spirit  (W.3.)  -  d'autres  solvents  pourraient  Agalement  conve- 
nir.  De  processus  eat  simple  I  on  rApand  et  on  projette  sur  la  tfile  k  exami¬ 
ner  un  film  mince  de  W.3.,  qui  la  recouvre  entiirement.  Ce  W.3.  s'Avapore  et 
k  la  fin  de  l'Avaporation  les  sones  oCk  le  mAtal  est  mio  k  nu  bs  distinguent 
de  celles  oil  Is  mAtal  est  encore  recouvert  de  calamine  par  la  diffArence  de 
brillant  provoquAe  pur  la  rAflexion  de  la  lumiAre  sur  lo  film  liquids  qui 
subsists  encore  sur  les  tones  calaminAes  plus  adsorbuntes  (fig. 2).  On  peut 
done  ainsi  oaractAriser  l'acier  mis  k  nu  et  la  calamine  -  mu is  seulement  par 
comparaison.  quand  les  deux  coexistent,  en  prEsenoe  de  1'un  et  de  l'autre. 

Ce  procAdA  est  valable  dans  certains  oas  I  dAcalruainage  A  la  flamme,  sablage 
d'un  AlAment  de  coque,  quand  presque  certainemsnt  une  partie  de  la  calamine 
a  AtA  AlirainAe.  Main  duns  le  grenaillage  automatique,  industrial,  trAs  uni¬ 
forms,  nous  nous  sommes  trouvAs  en  prAsenoe  de  surfaces  prAsentar.t  le  degrA 
3a3  de  l'Achelle  suAdoise  main  entiArement  recouvertes  de  la  couche  de  FeO 
(ce  que  l'on  pouvait  vArifier  par  1' essai  au  SO^Cu  ou  1' essai  dont  nous  allors 
parler ) . 

L'essai  au  W.S.  ne  peut  distinguer  entre  une  surface  totalement  oalaminAe  et 
une  surface  totalement  dAcalaminAe.  En  effet,  l'Avaporation  du  W.3.  dApend 
de  trAs  nombreux  faoteurs  t  vitesee  de  passage  de  la  tfile,  sa  tempArature 
(A  la  suite  du  grenaillage),  la  tempArature,  1'humiditA,  la  pression  atmos- 
phAriques,  la  vitesBe  de  circulation  de  l'air.  On  ne  peut  done  mesurer  avec 
prAoisiou  la  vitesse  d ' Avaporation  sur  la  calamine  seule  et  sur  l'acier  nu, 
o  qui  aurait  permis  de  distinguer  Isb  deux  cas  limiteo  -  qui  donnent  une 
Avaporation  uniforms  (humogAne;  maia  pas  k  la  mSroe  vitesse.  Nous  nous  trouvns 
dans  le  cas  du  colorists  qui  doit  distinguer  deux  blancs  ;  l'un  jaunAtre, 
l'autre  bleuAtre  I  il  est  obligA  de  les  mettre  efite  A  efite. 

Nous  n'avions  pas  rencontrA  cat  inconvAnient  dans  l'essai  aux  intempAries 
(acier  ■  rouille  ,  oalamine  »  pas  de  rouille)  ni  dans  l'essai  au  30xCu 
(acier  -  prAoipitA  de  cuivre,  calamine  «  pas  de  prAoipitA  de  cuivre} • 
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II  nous  fallait  done  avoir  recours  A  un  autre  eseai  qui  ne  nous  entrain*  paa 
ft  confondra  une  surface  entiAreraent  dAcalaminAe  tvee  un*  surface  entiArement 
calamines . 

Or,  noua  avionn  mis  au  point  un  eseai  non  dastruetif  permettant  da  v6rifier 
las  hdtArogAnAitAs  auperf iciallas  d'un  aciar  da  eonBtruction  navale,  an  l'es- 
pAce  la  dAcarburation  suparf icielle ,  hAtdrogAnAit As  qui  conduisaiant  A  une 
corrosion  anornala •  Rappelons  ca  proeAdA  dAcrit  A  la  fin  da  notra  communica¬ 
tion  au  3Ame  Congrds  da  la  FAdAration  EuropAenne  da  In  Corrosion  (Bruxelles 
juin  1963). 

On  upplique  eur  la  tSle  k  examiner  un  papier  filtre  trie  pur  da  14»22x0,5  cm 
(type  AlectrophorAse )  •  Si  la  surface  est  verticals  ou  au  plaf ond ,  on  main- 
tient  Is  papier  our  la  tSle  k  l'aide  de  petits  aimants  permanents.  La  papier 
eat  imbibA  d'alcool  dAnuturA  90/95*  (an  France  t  alcool  Athyliqu*  avec  3,5/* 
de  mAthylAne  at  1  r,i  d'alcool  isopropyliqua )  .  L' alcool  pur  ne  convient  pae. 

One  foiu  imbibA ,  le  papier  colle  bien  our  la  tOla.  Ce  pupier  imbibA  d'alcool 
oert  d ' Aleotrolyte  et  l'on  mesura  (ou  enregistre)  la  diffArence  da  potential 
qui  axista  entre  una  Electrode  sonde  en  Ag/AgCe  qua  l'on  diplace  eur  la  pa¬ 
pier  imbibA  et,  soit  la  masse  du  mAtal,  soit  une  Alectrode  idantiqua  fixe 
appliquAe  sur  le  papier  A  un  androit  qu'  peut  0tre  connidArA  sans  calamine  i 
par  axemple  un  coin  de  tSle  ou  1'extrAmitA  d'un  biseau  effectuA  A  la  meule 
(fig. 3).  Si  dans  ce  dernier  cas  (2  Alectrodes )  on  ne  prend  pas  catte  precau¬ 
tion,  on  retombe  dons  la  mfime  difficultA  qua  prAoAdemment  t  sur  une  tSle  en¬ 
tiArement  recouverta  de  FeO  on  trouve  des  d.d.p.  antre  Alectrodes  aussi  fai— 
bias  que  sur  une  tSle  entiAreraent  misa  A  nu. 

L'  Alectrode  mobile  est  dAplacAe  A  la  vitesse  de  3  A  4  cm/sec  par  exempla 
selon  deux  tracAs  en  dents  de  scie  ou  an  sinuBoIde,  l'un  d ' axe  da  symAtria 
pnrallAle  au  manipulateur ,  1' autre  perpend iculaire  au  manipulateur .  Ou  effec- 
tue  ainsi  un  quadrillage.  Leo  d.d.p.  sont  lues  ou  mieux  enregistrAes  t  las 
d.d.p.  entre  lea  deux  tSles  ( masse/ electrode,  Alaotroda  fixe /electrode  mobile) 
sont  partoui  eupArieurea  A  60  mV  pour  une  tSle  recouverta  totalemant  da  FeO 
et  localement^  60  mV  pour  une  tSle  partiellement  dAcarburAe.  Pour  une  tSle 
parfai  tement  misa  A  nu,  las  d.d.p.  sont  partout<C60  mV. 

La  valeur  da  60  mV  ne  rAsulte  pas  de  considerations  thAoriques  maia  d'assais 
pratiques  sur  plusieurs  centainas  d 1 Aprouvettes  et  de  tSles  que  l'on  pouvait 
laissar  rouillar  -  ca  qui  est  la  mAthode  la  plus  sflre  (mais  la  plus  longue) 
da  la  verification  da  1' absence  de  calamine. 

Notons  qua  las  d.d.p.  que  nous  mesurons  na  correspondent  pas  aux  d.d.p.  dans 
un  electrolyte  minAral  comma  l'eau  de  mar. 

A  chaque  sArie  da  relsvAs  de  cas  d.d.p.  (topographie  Alectrochimique ) ,  on 
renouvelle  las  feuilles  de  papier  filtre  oar  il  peut  se  produira  un  liger 
dApSt  d'argent  (nolr)  du  oStA  de  1' electrode  mobile  (mnis  pas  de  dApSt  da 
far  ou  de  sea  composAe  du  cStA  acier).  La  papier  humide  donne  les  mSmes  rA— 
sultats  qua  s'il  eat  gorgA  d'alcool.  La  pression  sur  l'Alectrode  n'inter- 
vient  pas. 

Nous  avons  choisi  una  Apaieseur  de  papier  asses  forte  t  5  mm  pour  absorber 
les  irrAgularitAo  mAcaniques  superf ioielles  provoquAas  par  le  granaillaga. 

Les  Acarta  da  potential  (<60  mV)  d'un*  tSle  parfaitementdAcalaminAe  et  sans 
dAcarburation  superf icielle  correspondent,  A  notre  avis,  aux  rAgions  plus  ou 
moins  Aarouies  de  la  surface  granaillAa.  Notons  qu'un  papier  filtre  trop 
mince  set  arrachA  par  l’Alectrode  qui  sa  dAplace  sur  le  papier  mouillA. 

Le  tableau  fig.  5  rAsume  las  possibilitAs  des  diffArents  procAdAs  d’ atelier 
qui  permettant  d'apprAcier  l'Atat  de  surface  de  la  tSle  tant  du  point  de  vue 
calamine  qua  dAcarburation. 

Nous  avons  fait  figurar  dans  le  tableau  la  valeur  absolua  da  la  d.d.p.,ca 
qui  conduit  A  confondre  la  dArarburation  partielle  d'une  tSle  parfaitement 
calominAe  avec  un  dAcalaminage  partial,  c'estA-dire  locnlement 
|d.d.p^  »■  60  mV.  Kais  la  calamine  aet  cathode  par  rapport  A  l'acier,  alors 
que  leB  zones  dAcarburAes  sont  anodiques  par  rapport  A  l'acier  de  base.  Four 
distinguer  ces  deux  cas,  il  suffit  de  faire  un  trait  au  crayon  de  graphite 
sur  la  tSle.  Quand  l'Alectrode  mobile  passe  sur  ce  trait,  la  dAviation  est 
dans  le  raSme  sens  quand  il  e'agit  de  calamine  et  en  sens  opposA  quand  il 
s'agit  de  dAcarburation.  Nous  ne  parlons  pas  de  a  et  de  -  car  sur  le  ehantiev 
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avac  lea  mnnipulataura  occaaionnala ,  il  paut  aa  produira  die  arraura. 
Remarquons,  ici,  qua  nous  avona  aimplament  citd  an  passant,  dans  lse  ddfauts 
da  surface  da  l'acier,  lea  incluaiona  auparf icielleo  qui  sont  miaaa  an  4vi- 
danca  par  las  coupas  microgrnphiques.  C'eat  volontairemant (  car  1' Etude  da 
C.d.  lionet-  (10)  nontra  qua,  sur  das  surfaces  rugueuaea  (comma  calleo  das  tOlas 
sabldea  at  grenailldes)  s' 11  aat  poaaibla  qua  lao  incluaiona  puissant  ft  re  A 
1* emplacement  das  ddbuta  da  corrosion,  ce  na  aont  pas  las  faoteurs  ddeiaifa 
at  qu'una  verification  expdrimen tale  aat  pratiquamant  impocsibla. 

La  tableau  fig.  6  represents  quatra  rdsultats  obtanua  par  la  mesure  daa 
d  ,d  ,p. 

Ln  figure  4  donna  deux  enregistrnmente  obtanuo  dans  l'oxemple  1. 

La  papier  ss  ddroulait  A  la  vitesse  da  60  an/min,  1' electrode  mobile  etant 
d  Eplacde  &  la  vitesse  da  3-4  cra/aac .  3ur  un  enregistrement  da  12  ea,  on  a 
done  en  2  minutes  sonde  environ  4  metres  llneairaa  da  la  surface.  Ceal  permet 
d'apprdcier  la  rupiditd  da  la  methods  qui  donna  toua  lao  reneeignementa  intd— 
reseants,  du  point  da  vua  corrosion,  qua  l'on  paut  obtanir  par  l'exdoution 
d ' una  coupe  micrographiqua . 

Las  rdsultats  da  la  fig.  6  montrent  qua  ai  paut  auffira  dans  la  oaa  3, 

Sa3  na  suffit  pas  dona  las  oaa  1  at  4  at  qu'il  n'y  a  aucuna  correlation  antra 
lea  images  da  eablaga  at  l'dtat  rial  da  la  aurfaoa  dj  l'aoiar. 

Notons  qua  las  rdsultats  sont  parfaitamant  raproduotiblas  l  on  paut  recommen- 
car  las  moeuree  ou  laa  enragiatramanta  mutant  da  fois  qua  l'on  veut  4  condi¬ 
tion  da  prendre  4  chaque  foie  un  carton  filtra  nauf  (comma  ddj4  dit). 

Nous  avona  dit  qua  ca  proeddd  a  dtd  mis  au  point  4  1' occasion  da  la  verifica¬ 
tion  d'une  corrosion  anormale  d'una  tOla  (n*  5  du  tableau  fig.  6).  Catta  cor¬ 
rosion,  due  4  In  ddcarburation,  no  aa  prdsentait  qua  sur  una  face  da  la  tOle 
at  localement,  aur  catta  face,  on  obtanait  180  mV.  La  ddoarburation  auperfi- 
ciello  an  forma  da  cigars  qui  intdraaaait  150/u  d'dpaisssur  axistait  sur  la 
eeule  fr.ee  incriminde.  Notone  qua  lea  senate  nvaiont  dtd  effectuds  sur  1‘aciar 
ayant  ddjA  aubi  5  aablages  successifs  3a3. 

duello  eat  la  marche  A  ouivro  pour  vdrifier  lo  ddcalnminnge  d'une  tBlo  ? 

3i  l'on  ddcnlamina  au  chalumeau  ou  par  sablage  manual,  on  paut  employer 
l'essai  d' Evaporation  au  W.3.  qui  a  des  chancos  da  conduire  A  una  Evapora¬ 
tion  hdtdrogdne.  II  suffit  da  recommencer  jusqu'A  obtention  d'une  Evaporation 
homogEne.  L'on  eara  alors  an  prdaanca  d'una  t81e  cartainement  totalemant  ddea- 
laminde,  male  qui  pourra  Stre  ddcarburde  suparf ioiellement  -  cs  qua  l'on  na 
saura  qu'en  met tan t  an  oeuvre  le  proeddo  da  manures  da  topographia  Electro— 
chimiquo.  II  ast  intdrenaant  da  connaltre  ce  point  car  pour  dviter  la  oorro- 
sion  daa  zones  dEcarburEes  an  immersion  complete  il  faut  avoir  recours  A  una 
protection  cathodique,  comma  nous  l'avons  ddjA  dit. 

Cans  le  cas  da  granaillaga  automatiqua,  il  ast  plus  simple  da  racourir  A  ca 
dernier  proeddd  qui  nous  donna  una  physionomie  exacts  de  l'Etnt  de  la  t81a 
an  qualquas  minutes. 

3i  l'on  ast  an  prdsence  de  calamine,  totals  ou  partialis,  on  rdduit  la  vitaB- 
se  da  passage  da  la  t&le  de  la  grenailleuse  juoqu'A  obtention  an  une  aaule 
passe  d'una  surface  parfaitement  ddcalaminde.  Il  suffit  done  de  fairs  l'essai 
sur  las  premidres  tftloo  jusqu'A  ce  qua  l'on  obtienna  la  vitesse  de  passage 
sur  la  machine  la  plus  rapide  donnant  le  dde&iminage  complet.  Naturellemant , 
les  tfiles  qui  ont  servi  aux  asoais  de  mise  au  point  sont  grenailldes  de  nou¬ 
veau. 

Qu'avons-nous  conatatd  ?  Sur  les  nombreux  asonia  qua  nous  avona  effectuds 
il  y  a  en  moyenno  20  de  t81es  qui  correspondent  A  Sa3  maia  ne  nont  pas 
compldtsment  ddcalaminEes  (ax.  l)  muis  souvent  avac  des  d.d.p.  maximalas  de 
l'ordra  de  120  mV.  Cependant,  l'on  peut  avac  un  sablage  Sa2;r  obtanir  un  ddea- 
laminaga  total  (ax.  3).  Le  mdme  aspect  de  tSle  (Sa2^)  donna  das  rdsultats 
diffdrents  pour  una  m8me  coulde  at  une  mdme  Epaisseur  de  t81e  selon  le  trai- 
tement  (raouit  ou  non)  :  ax.  2  at  3, 

Nous  pennons  apporter  une  contribution  intdressante  A  ce  problems  essential 
da  la  vdrification  de  la  prdparation  de  surface. Las  rdsultats  d ' exploitation 
das  cardnes  at  das  ouvrages  iramergds  pourront  donner  lieu  A  des  ddboires.qui 
na  saront  pas  A  attribuer  A  la  conception, la  fabrication  ou  1' application  du 
produit ,mnis  A  una  apprdoiation  incorrecte  de  la  prdparation  de  surface. 

Nous  adrasnons  nos  remerciements  A  MM.Farsis,d ' Mayor, Bouden, Souskd  A  Bonfante. 
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Discussion 


Question:  Do  you  put  anything  in  the  denatured  alcohol  to  increase  its 
conductivity  at  all? 

Dechaux :  Non,  avec  l'alcool  pur  vous  n'obtenez  rien,  vous  n'avez  pas  de 
conduct ibilit€.  J'avais  essayd  beaucoup  de  liquides  et  j'en  suis  arrive 
i  l'alcool  denature,  c'est  une  chance  d'avoir  rdussi  il  y  a  10  ans  et  je 
vous  fais  prof iter  de  cette  trouvaille. 

Question:  Do  you  have  any  test  data  which  show  the  performance  of,  let's 
say,  a  primer  is  over  the  three  different  surfaces  and  how  significant  is 
this  difference  in  primer  performance? 

Dechaux:  Je  vais  vous  montrer  une  figure  extraite  de  la  revue  "Zone 
Development  Association"  qui  indique  la  formation  de  rouille  autour  d'une 
dcaille  de  laminage  restant  sur  l'acier.  C'est  pour  cela  qu'il  faut  que 
l'acier  soit  complitement  ddbarrassd  de  calamine,  je  vous  ai  £pargn£, 
dtant  donnd  que  le  temps  est  limitd ,  l'examen  des  etudes  trfes  intdressantes 
qui  avaient  et£  faites  par  H.  Paul  FIELD,  montrant  que  dans  l'eau  de 
mer  la  corrosion  est  %  peu  pris  proportionnelle  A  la  quantity  d'lcailles 
de  laminage  sur  l'acier. 

Question:  Did  you  use  this  method  automatically  or  was  it  automated? 

Dechaux :  Cette  mlthode  n'a  jamais  dt 6  automat isde  parce  que  ce  n'est 
pas  ntcessaire.  Nais  on  peut  tris  bien  imaginer  un  petit  moteur,  quelque 
chose  qui  glisse,  la  tdle  qui  passe,  c'est  facile.  On  peut  trfes  bien 
mettre  un  dispositif  pour  automatiser  et  pour  avoir  une  pression  plus 
constante  :  c'est  inutile.  La  m^thode  a  dt4  appliqude  dans  le  midi  de 
la  France,  1  Dunkerque,  au  Havre,  A  cdte  de  Nantes,  par  des  hommes  diff brents 
et  par  des  appareils  enregistreurs  diff£rents  et  on  a  toujours  trouv£ 
les  mSmes  r^sultats.  Depuis  10  ans  des  milliers  d'essais  ont  £t£  faits. 

Je  n'ai  pas  fait  les  essais  exprfes  pour  ce  Congrfes,  j'ai  voulu  faire 
constater  une  experience  de  10  ans. 

Question:  Do  you  take  one  sample  of  every  plate  or  just  samples  at 
random? 

Dechaux:  Non,  on  ne  fait  pas  un  preifcvement  de  chaque  tdle,  on  met  le 
papier  filtre  sur  la  tdle  a  examiner.  L'int£r€t  de  la  m^thode  est  de 
mettre  le  carton  sur  la  tdle.  On  applique  le  proc£d£  en  g£n£ral,  les 
tdles  viennent  d'une  gaine  coulee,  c'est-A-dire  que  les  oxydes  qui  sont 
en  proportion  difflrentes  sont  toujours  %  peu  prds  les  mdmes.  Sur  la 
premiire  tdle  qui  passe  on  fait  la  mesure  :  on  trouve  60,  on  r^duit  la 
vitesse  de  passage  de  la  tdle  et  on  virifie  que  sur  la  2ime  tdle  on  est 
dans  la  limite  de  60,  et  on  peut  faire  apr&s  c&  une  verification  & 
chaquc  changement  de  coulee,  c'est  l'avantage  du  procede.  Une  fois 
aue  vous  avez  rdgie  votre  machine  pour  une  coulde  determinee  et  pour  une 
epaisseur  determinee,  elle  est  regiee  dif initivement . 
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In  a  joint  research  effort  between  the  National  Bureau  of 
Standards,  the  U.S.  Army  Corps  of  Engineers,  and  the  U.S.  Naval 
Civil  Engineering  Laboratory,  the  corrosion  behavior  of  protected 
carbon  and  low  alloy  steel  piling  in  seawater  is  being  investi¬ 
gated.  Nine-three  "H"  and  pipe  pile  specimens,  35  feet  long, 
were  jetted  into  the  Atlantic  Ocean  floor  off  the  coast  of  Dam 
Neck,  Virginia.  The  results  of  this  study,  which  will  take  about 
15  years  to  complete,  will  demonstrate  which  of  the  systems  tested 
are  best  for  protecting  steel  piles  in  seawater.  Many  types  of 
protective  methods  are  included  in  the  investigation  consisting  of 
coating  systems  (coal-tar  epoxy,  hot-dip  zinc,  flamesprayed  alumi¬ 
num  and  zinc,  zinc-rich  paints,  epoxies,  etc.),  cathodic  protection 
by  zinc  and  aluminum  sacrificial  anodes,  and  combinations  of  coat¬ 
ings  and  cathodic  protection.  At  one-year  intervals,  polarization 
measurements  and  visual  observations  are  made  on  the  piles  to  de¬ 
termine  the  effectiveness  of  the  coating  systems  and  to  measure  the 
rates  of  corrosion.  Potentials  of  cathodically  protected  piles  are 
also  measured.  These  data  will  be  correlated  with  physical  deter¬ 
minations  made  on  the  piles  when  they  are  removed  from  exposure. 

The  first  removal  of  one  set  of  piles  (31  in  number)  is  scheduled 
for  October,  1972,  after  exposure  for  approximately  5  years. 

Key  Words:  Cathodic  protection;  coating  index;  corrosion 
rates;  marine  environment;  polarization  techniques;  pro¬ 
tective  coatings;  steel  piling. 


1.  Introduction 

Steel  piling,  in  the  form  of  pipe  and  tubing  has  been  used  since  the  latter  part  of  the 
19th  Century  and  steel  H-piling  for  buildings,  bridges,  and  other  foundations  came  into  use 
during  the  early  1900's.  While  much  of  the  tonnage  comprises  land  installations,  a  very  im¬ 
portant  proportion  is  in  shoreline  environments.  A  considerable  amount  of  money  has  been 
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^Figures  in  parentheses  indicate  the  literature  references  at  the  end  of  this  paper. 
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spent  to  maintain  the  integrity  of  coastal  structures  while  allowing  for  corrosion.  Design 
engineers  have  in  the  past  and  still  have  a  dire  need  for  more  accurate  information  on  the 
rates  of  corrosion  of  steel  piling  in  the  wide  variety  of  marine  environments  encountered. 
More  long-term  information  is  also  needed  on  methods  of  protecting  steel  piling  from  cor¬ 
rosion. 

Previous  reports  on  the  corrosion  of  steel  piling  in  seawater  include  those  by  Ayers 
and  Stopes,^  Brouillette  and  Hanna, (2)  Ryaner,*3)  and  Ross.C4)  The  literature  has  been 
recently  reviewed  by  Watkins.  (5)  Reports  on  the  use  of  protective  coatings  for  steel  piles 
include  those  by  Alumbaugh, (6,7)  Alumbaugh  and  Brouillette, (8,9,10)  and  Alumbaugh  and 
Curry. A  collection  of  papers  by  Schwerdtfeger  and  Romanoff  on  the  Corrosion  of  steel 
pilings  in  soils  has  recently  been  published. (12,13) 

In  view  of  their  common  interests  and  need  for  better  corrosion  data  and  means  for  pro¬ 
tecting  steel  piling  in  the  marine  environment,  a  joint  cooperative  field  test  project  in¬ 
volving  the  National  Bureau  of  Standards  (NBS) ,  the  U.S.  Army  Coastal  Engineering  Research 
Center  (CERC),  and  the  U.S.  Naval  Civil  Engineering  Laboratory  (NCEL)  was  established  in 
1967.  Electrochemical  measurements  for  determining  potentials,  corrosion  rates,  and  coat¬ 
ing  deterioration  indices  are  carried  out  by  NBS  with  assistance  of  CERC,  test  site  environ¬ 
mental  studies  by  CERC,  and  visual  coating  evaluation  by  NBS,  CERC,  and  NCEL.  Annual  in¬ 
spections  involving  these  studies  have  been  carried  out  since  the  piles  were  installed  in 
June,  1967,  and  will  be  carried  out  foi  10  more  years.  A  preliminary  report  on  this  project 
appeared  in  1971 . C 34 3  The  objective  of  this  paper  is  to  describe  the  results,  primarily 
electrochemical,  obtained  for  the  past  S  years.  The  complete  results  of  the  5th  year  await 
final  observations  of  a  set  of  pulled  piles.  They  will  be  reported  when  the  observations 
and  measurements  on  the  removed  piles  have  been  completed. 

2.  Experimental 


a.  Scope 

The  field  test  consisted  of  observing  and  analyzing  the  condition  of  steel  H-piles  and 
cylindrical  piles  installed  at  a  shallow-water  site  exposed  to  ocean  waves.  Some  piles 
were  installed  without  protection,  others  with  cathodic  protection,  others  with  protective 
coatings,  and  still  others  with  both  protective  coatings  and  cathodic  protection.  The 
piles  were  installed  in  sets  of  three;  one  pile  from  each  set  will  be  pulled  every  5  years 
(15-year  test  duration).  Inspections  are  made  annually  while  a  more  detailed  examination 
is  made  of  the  piles  removed  at  the  5-year  intervals. 

b.  Test  site 

The  pile  test  site  is  located  in  the  Atlantic  Ocean  off-shore  from  Dam  Neck,  Virginia 
(Figure  1).  The  shore  fronting  the  site  is  a  relatively  long  straight  beach.  The  distance 
from  the  mean  low  water  shoreline  to  the  center  of  the  site  is  approximately  125  feet 
(57.5  m),  but  varies  according  to  the  seasonal  accretion  and  erosion  of  the  shore.  The 
water  depth  prior  to  the  installation  of  the  piles  was  approximately  4  feet  (1.2  m) .  The 
tide  ranges  of  the  test  site  should  be  nearly  equal  to  those  at  Virginia  Beach,  which  has 
a  mean  tide  range  of  3.4  feet  (1.0  m)  and  a  spring  tide  range  of  4.1  feet  (1.2  m).  There 
are  many  factors  involved  in  the  selection  of  a  suitable  site  for  a  marine  pile  corrosion 
test.  Some  of  the  factors  which  influenced  the  use  of  the  Dam  Neck  site  are;  (a)  It  can 
provide  all  of  the  primary  marine  corrosion  zones,  i.e.,  buried,  sand,  abraded,  submerged, 
tidal  (very  little  data  is  available  on  corrosion  of  steel  exposed  to  ocean  surf),  splash 
and  atmospheric  zones;  (b)  The  location  is  about  midway  along  the  United  States  Atlantic 
coast  and  the  mean  water  temperature  is  approximately  midway  of  the  maximum  and  minimum 
mean  seawater  temperatures  which  have  been  recorded  near  the  United  States  Atlantic  coast; 
(c)  Sheltered  water  for  floating  equipment  used  for  installation  and  extraction  of  piles 
is  reasonably  near  in  the  event  of  storm  warnings;  (d)  The  long-term  water  depth  should  be 
relatively  stable;  (e)  The  test  piles  should  be  relatively  free  from  vandalism  or  abuse  by 
the  general  public. 

Water  salinity  and  temperature  data  from  the  nearby  U.S.  Coast  and  Geodetic  Survey 
station  at  Virginia  Beach(-°)  show  a  mean  salinity  of  26.8  parts  per  thousand  and  a  mean 
water  temperature  of  57.9°F  (14. 4C).  The  salinity  has  ranged  from  18.2  to  37.5  parts  per 


104 


thousand,  and  the  temperature  has  varied  from  33.8*F  (1.0C)  to  82.4°F  (28. OC)  over  the  7 
years  of  record. 

Bottom  elevation  surveys  made  during  annual  i  ispections  with  transit  and  rod  with  the 
assistance  of  scuba  divers  have  shown  the  bottom  elevation  to  vary  from  -2.5  feet  (0.76  m) 
to  -7.0  feet  (2.3  m)  referenced  to  mean  low  water.  Since  these  differences  in  bottom  ele¬ 
vation  have  been  noted  at  annual  inspections,  it  is  likely  that  the  range  of  bottom  eleva¬ 
tions  would  be  greater  with  more  frequent  measurements.  Bottom  elevation  changes  are  con¬ 
sidered  to  be  due  to  seasonal  bottom  profile  changes,  i.e.,  "northeaster"  storm  waves  tend 
to  erode  the  bottom  during  the  winter,  and  long  period  swells  accrete  the  bottom  during  the 
summer.  The  bottom  profiles  are  shown  in  Figure  2. 

The  piles  are  subjected  to  the  impacts  of  breaking  waves  and  splashing  water  a  majority 
of  the  time.  Occasionally  storms  may  occur  which  produce  wave  crests  to  the  top  of  the 
piles.  Such  occurrences,  however,  are  infrequent.  The  occasional  existence  of  waves  at  the 
top  of  the  piles  negates  the  existence  of  a  purely  atmospheric  zone  on  the  piles. 

Borings  made  near  the  low  watzr  line  fronting  the  site  indicate  that  bottom  material  at 
the  site  consists  primarily  of  fine  sand.  Relatively  thin  strata  of  blue-gray  clay  and  silt, 
less  than  3  feet  (0.9  m)  in  thickness,  exist  near  the  surface.  The  median  diameter  of  sand 
particles  on  the  bottom  as  sampled  in  September,  1967,  was  0.15  mm.  The  sand  is  easily 
carried  into  suspension  by  the  surf  and  should  have  a  tendency  to  abrade  the  pile  surfaces. 

c.  Test  piles 

The  piles  were  emplaced  in  three  rows  parallel  to  the  shoreline  giving  31  systems  of 
three  piles  each  (Figure  3).  Of  these  31  systems,  five  were  bare  carbon  or  low  alloy  steel 
having  no  protection,  three  were  bare  carbon  or  low  alloy  steel  with  cathodic  protection 
[either  zinc  (military  spec  A-18001G)  or  aluminum-zinc-mercury  alloy  (99.9k  purity  A1+ 

0.045k  Hg  ♦  0,4Sk  Zn)  sacrificial  anodes],  and  23  were  coated  with  protective  coatings,  two 
of  which  were  also  cathodically  protected  (zinc  sacrificial  anodes).  The  "H"  piles  were 
primarily  of  mild  carbon  steel  (ASTM  A36+66T) ,  8  inches  by  8  inches  (20.3  cm  by  20.3  cm)  by 
35  feet  (10.7  m)  in  length,  and  weighing  48  pounds  (21.6  kg)  per  linear  foot  (71.6  kg/linear 
m).  The  pipe  piles  of  carbon  steel  (ASTM  A252)  were  8  in  (20.3  cm)  diameter,  schedule  80 
pipe,  35  feet  (10.7  m)  in  length  with  a  cone  shaped  tip  welded  to  the  bottom  end  to  facili¬ 
tate  installation.  Stainless  steel  rods  (Type  316  ELC)  were  welded  between  the  inside 
flanges  on  one  side  of  the  "H"  piles  so  that  one  would  be  2  feet  (0.6  m)  above  and  or.e 
about  2  feet  (0.6  m)  below  mean  high  water,  as  contact  points  for  electrical  measurements. 
These  may  be  seen  in  Figure  6.  Stainless  steel  (Type  316  ELC)  rods  were  butt  welded  to  the 
surface  of  the  pipe  piles  at  about  the  same  elevation  as  those  on  the  "il"  piles. 

d.  Protective  systems 

Some  of  the  protective  coating  systems  included  in  this  series  were  selected  on  the 
basis  of  screening  tests  conducted  by  NCEL,  where  the  coatings  had  been  evaluated  on  10  foot 
(3.0  m)  test  panels.  A  number  of  other  coating  systems  that  appeared  to  have  merit  for  this 
type  of  application  were  selected  and  included  in  the  investigation.  The  systems  included 
metallic  coatings,  nonmetallic  coatings,  and  zinc-rich  coatings  with  topcoat.  The  metallic 
coatings  included  hot-dipped  zinc  (galvanized,  4  to  5  oz/ft2),  flamesprayed  zinc  with  poly- 
vinylidene  chloride  and  vinyl  topcoats,  and  flamesprayed  aluminum  with  and  without  vinyl 
topcoat.  The  nonmetallic  coatings  included  coal-tar  epoxy,  aluminum  pigmented  coal-tar 
epoxy,  phenolic  mastic,  polyvinylidene  chloride  and  glass-flake-fillcd  polyester.  The  zinc- 
rich  primers  were  of  two  types,  organic  and  zinc  inorganic  silicate.  Top  coatings  for  the 
zinc  inorganic  primers  included  polyamide  cured  coal-tar  epoxy,  polyamide  cured  epoxy,  vinyl 
mastic,  and  high-build  vinyl.  The  top  coating  for  the  organic  rich  primer  was  a  polyamide 
cured  coal-tar  epoxy.  Prior  to  application  of  the  coatings,  the  piles  were  sandblasted  to 
near  white  metal  in  accordance  with  the  Steel  Structure  Painting  Council  Specification 
SSPC-SP-10-6JT.  With  the  exception  of  the  hot -dip  galvanized,  the  flamesprayed  metallic, 
and  the  glass-flake-filled  polyester,  the  coatings  were  applied  by  airless  paint  spray  with 
brush  touchup.  The  glass  flake  coating  required  rolling  to  orient  the  glass  flakes  after 
the  air-spray  application.  Flamesprayed  coatings  were  applied  by  the  use  of  a  wire-type 
metalizing  gun.  A  description  of  the  coating  systems,  the  number  of  coats  and  coating 
thicknesses  are  presented  in  Table  4  appendix. 
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The  sets  of  piles  are  identified  by  a  number,  and  the  piles  within  a  set  by  a  letter 
(A,  B,  or  C).  The  A  piles  (facing  the  shore)  were  completely  coated  except  for  six  1-inch 
(2.S  cm)  by  6-inch  (IS. 2  cm)  bare  "windows"  located  at  pertinent  intervals  on  the  outer 
face  of  one  flange,  and  the  exterior  face  of  the  pipe  piles.  The  windows  were  facing  the 
ocean  in  all  cases.  The  purpose  of  the  "windows"  is  to  determine  the  capability  of  the 
various  coatings  to  resist  undercutting  by  rust  at  various  areas  of  exposure  (partial 
atmospheric  zone,  splash  zone,  tidal  zone,  water  zone,  and  sand  zone).  The  B  piles  (center) 
were  completely  coated  for  their  full  length  and  the  C  piles  (racing  the  ocean)  were  coated 
on  the  top  23  feet  (6.9  m)  with  the  bottom  12  feet  (3.6  m)  uncoated  (rigurc  4).  If  the 
corrosion  on  the  area  below  the  mudline  is  slight,  savings  can  be  realized  by  not  coating 
the  buried  portion  of  piles  in  future  structures. 

The  sacrificial  anodes  employed  in  some  sets  were  of  zinc  and  aluminum.  The  zinc 
anodes,  4x4x36  inches  (10.2x10.2x91.4  cm)  each  weighed  150  lbs  (68.2  kg)  and  the  aluminum 
anodes,  2  inches  (5.1  cm)  longer  weighed  60  lbs  (27.2  kg)  each.  Two  anodes  were  installed 
on  each  pile  (Figure  5). 

e.  Installation  of  piles 

Prior  to  installation,  the  piles  were  positioned  on  the  beach.  A  rubber-tired  crane 
carried  them  onto  a  3-section  floating  causeway.  A  crawler  crane  with  a  single-pipe  jetting 
rig  then  installed  the  piles  off  the  side  of  the  causeway.  The  floating  causeway  was 
usually  repositioned  after  3  sets  of  piles  were  installed.  The  piles  were  jetted  through 
about  19  feet  (5.8  m)  of  bottom  material.  The  anodes  of  the  middle  pile  (pile  B)  of  each 
of  the  5  cathodically  protected  series  were  attached  at  a  lower  level  on  the  piles  so  that 
they  were  buried  in  the  bottom  sand.  This  was  done  to  check  the  effectiveness  of  the  buried 
anodes  vs  the  anodes  in  the  seawater  attached  to  the  A  and  C  piles.  The  rows  of  piles  were 
spaced  To”  feet  (3.0  m)  apart  with  a  spacing  of  5  feet  (1.5  m)  between  the  sets  of  coated 
piles  and  10  feet  (3.0  m)  between  the  sets  of  the  cathodically  protected  piles.  The  piles 
after  installation  are  shown  in  Figures  6  and  7. 

f.  Visual  inspection  above  water 

Visual  observations  include  an  estimate  of  the  percent  of  intact  coating  and  whether 
coatings  are  blistering,  undercutting,  checking,  cracking,  or  peeling  in  accordance  with 
ASTM  Standard  Methods  for  Evaluating  Paint  Coatings,  when  possible.  Because  of  the  heavy 
fouling  attachment  in  the  tidal  and  immersed  zones  of  the  piles,  the  visual  observations 
and  ratings  are  of  necessity  restricted  to  the  upper  tidal  spla  h  zones.  These  data  are 
to  be  correlated  with  physical  determinations  and  visual  observations  to  be  made  on  the 
first  set  of  piles  (31  in  number)  that  are  scheduled  to  be  removed  in  the  fall  of  1972 
after  approximately  5  years  exposure. 

Photographs  are  taken  of  each  pile  set  during  the  annual  inspections  using  an  under¬ 
water  camera.  Aluminum  ladders  with  protective  padding  were  constructed  to  facilitate 
close-up  inspection  and  photography  and  elc-trical  connections. 

g.  Electrochemical  measurements 

Electrical  connections  to  the  piles  were  made  using  two  3-wire  electrical  cables 
supported  by  a  wire  rope  connected  to  the  top  of  a  pile  on  one  end  and  the  top  of  a  beach- 
based  truck  on  the  other  end.  Electrical  contact  to  the  stainless  steel  rods  on  the  piles 
was  made  by  a  vise-clamp  connected  to  the  cable  wire.  The  vise  clamps  were  coated  with 
silicone  rubber. 

Potential  measurements  of  the  cathodically  protected  piles  were  made  with  a  potenti¬ 
ometer  using  both  a  Ag-AgCl  half-cell  and  a  Cu-CuS04  half-cell.  The  Cu-CuSO*  half-cell 
was  positioned  in  the  damp  sand  on  the  beach  and  covered  to  prevent  light  and  heat  effects. 
The  Cu-CuS04  half-cell  was  the  most  convenient  to  use.  The  Ag-AgCl  half-cell,  submerged  in 
the  water,  served  as  a  check  electrode. 

The  circuit  used  for  obtaining  the  polarization  curves  is  similar  to  that  reported  by 
Schwerdtfeger(12)  except  the  Holler  bridge  circuit  was  omitted  as  the  electrolytic  IR  drop 
was  negligible.  One  or  two  12-volt  storage  batteries  supplied  the  polarizing  current.  A 
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bare  pile  was  used  as  the  auxiliary  electrode  in  determining  the  coating  indices.  For  cor¬ 
rosion  rate  measurements  simultaneous  measurements  were  often  made  on  two  piles,  one  being 
the  cathode  and  the  other  the  anode,  the  order  then  being  reversed.  Two  wires  in  each  cable 
were  used  to  supply  the  current  and  the  third  wire  for  measuring  potential,  thus  eliminating 
any  IR  drop  as  a  result  of  the  polarizing  current  in  the  wire. 

Coating  indices  on  piles  A  and  B  with  nonmetallic  coating  were  obtained  by  measuring 
the  current  required  to  polarize  the  pile  to  -0.85  V  after  a  5-minute  interval  using  the  C 
pile  as  an  auxiliary  electrode.  The  ratio  AV/AI  was  designated  as  the  coating  index  and 
used  as  a  measure  of  the  coating  effectiveness.  This  ratio  is  used  as  a  measure  of  the 
coating  resistance  relative  to  uncoated  steel  and  is  similar  to  the  method  described  by 
Parker. I16'  Piles  with  metallic  coatings  were  generally  polarized  to  cathodic  (active) 
overpotentials  of  ISO  mV  (approximately  equal  to  overpotentials  on  pile  <  with  nonmetallic 
coatings).  For  these  measurements  on  the  A  and  B  piles  of  each  series,  pile  C  again  served 
as  the  auxiliary  electrode. 

Corrosion  rate  measurements  on  all  the  coated  piles  as  well  as  the  piles  whose  corrosion 
rate  was  determined  using  the  "polarization  break"  were  made  using  the  linear  polarization 
method  based  on  the  Stem  -Geary  equation: 
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in  this  equation  AE  is  the  overvoltage  of  the  corroding  electrode  produced  by  a  polarizing 
current  AI;  Ba  and  Bc  are  the  slopes  of  the  anodic  and  cathodic  polarization  curves,  respec¬ 
tively,  in  the  Tafel  region,  and  Ico__  is  the  corrosion  current.  The  constants  B  and  Bcwere 
both  assumed  to  be  equal  to  0.1  in  this  equation.  According  to  Stem  and  Neiserti^B)  the 
error  when  this  assumption  is  made  can  be  about  201.  This  assumption  results  in  the  follow¬ 
ing  equation: 
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The  "polarization  break"  method  was  used  to  determine  the  corrosion  rate  on  many  of  the 
uncoated  as  well  as  some  of. the  coated  piles.  This  technique  originally  proposed  by 
Schwerdtfeger  and  McDormanl19'  is  based  on  the  observation  that  anodic  and  cathodic  polari¬ 
zation  curves  consist  of  straight  line  segments  having  different  slopes.  The  current  at 
which  the  "change"  in  slope  (break)  occurs  is  designated  Ip  for  the  cathodic  and  Iq  for 
the  anodic  curve.  The  corrosion  current  Ic  can  be  calculated  from  the  following  relation¬ 
ship,  which  was  derived  by  Pearson and  confirmed  by  Hollert22): 
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The  crchodic  and  anodic  polarization  curves  were  obtained  galvanostatically  using 
either  one-  or  two-minute  intervals  between  each  increase  in  the  current  increment.  The 
equal  current  increments  used  were  based  on  the  corrosion  current  obtained  by  the  linear 
polarization  method  (viz.  the  applied  current  necessary  to  change  the  potential  from  2  to 
10  mV).  The  data  were  plotted  on  linear  coordinate  paper  simultaneously  with  the  acquisi¬ 
tion  of  current -potential  values  to  insure  that  the  "break"  was  obtained.  Polarization 
curves  were  usually  run  simultaneously  on  the  "cathodic"  pile  and  the  "anodic"  pile. 

On  the  cathodically  protected  piles,  only  the  cathodic  curves  were  obtained.  The 
current  value  at  the  "break"  in  this  curve  has  been  deter, nined  tQ.be  approximately  the 
cathodic  protection  current  supplied  by  the  sacrificial  anode. I22' 

3.  Results 


a.  Visual  observations 

Due  to  the  heavy  fouling  in  the  tidal  and  immersed  zones  of  the  piles,  the  visual  ob¬ 
servations  and  ratings  were  of  necessity  restricted  to  the  upper  tidal  and  splash  zones. 

A  full  visual  coating  evaluation  of  the  piles  including  these  zones  will  be  made  and 
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published  after  one  row  of  the  piling  has  been  removed  for  the  5-year  inspection, 
b.  Electrochemical  measurements 

Potential  and  galvanic  currents  on  the  cathodically  protected  piles  are  presented  in 
Table  1.  Although  the  potentials  of  the  steel  piles  vs  a  Ag-AgCl  half-cell  and  a  Cu-CuS04 
half-cell  were  both  measured,  only  the  potentials  vs_  tTTe  Cu-CuS04  half-cell  are  indicated. 
In  general  the  potentials  of  the  piles  having  anodes  in  the  sand  were  less  negative  (more 
noble)  than  those  of  the  piles  having  their  anodes  in  the  water.  Over  the  years  the  po¬ 
tentials  of  piles  with  anodes  in  the  sand  had  a  tendency  to  rise  to  more  protective  values. 
The  galvanic  current  densities  from  the  anodes  buried  in  the  sand  were  generally  lower  than 
the  current  densities  from  the  anodes  in  the  seawater. 

The  coating  indices  and  the  corrosion  currents  of  the  coated  piles  are  presented  in 
Table  2.  As  would  be  expected,  the  piles  having  lower  corrosion  currents  have  higher 
coating  indices.  The  indices  after  5  years  range  from  about  0.05  for  the  uncoated  piles 
to  1.38  for  the  coal-tar  epoxy  coated  pipe  pile.  The  polyvinyl idene  chloride  over  flame- 
sprayed  zinc,  the  phenolic  mastic  and  a  coal-tar  epoxy  over  a  zinc  inorganic  silicate  coat¬ 
ing  have  relatively  high  coating  indices  while  the  lowest  index  is  found  for  the  poly- 
vinylidene  chloride  coating  over  bare  steel. 

An  indication  of  the  general  deterioration  of  all  the  coatings  over  the  years  is  shown 
in  Figure  8.  All  of  the  coating  indices  including  those  of  the  controls  (uncoated  bare 
piles)  are  plotted  for  each  year.  The  average  (arithmetical  mean)  of  the  indices  for  the 
coated  piles  is  indicated  by  a  horizontal  dash  connected  by  the  curve.  A  coating  effect¬ 
iveness  scale  is  also  indicated.  Zero  on  the  scale  is  based  on  the  average  coating  index 
for  the  bare  piles.  One  hundred  on  the  scale  is  based  on  the  best  coating  index  obtained, 
that  for  pile  7B  in  1967  (Table  2).  The  value  of  coating  effectiveness  between  0  and  100 
is  based  on  the  relation  between  the  corrosion  currents  and  the  coating  indices  for  the 
bare  and  coated  piles  A  and  B.  The  coating  effectiveness  is  based  on  the  best  curve  (not 
indicated)  of  the  relationship.  Thus  a  coating  effectiveness  of  801  means  that  the  cor¬ 
rosion  current  measured  for  the  coated  pile  represents  only  20*  of  the  possible  corrosion 
current  for  the  bare  piles  (average),  that  is,  60  mA  out  of  a  possible  300  mA. 

The  corrosion  rates  of  the  steel  piles  calculated  from  the  "polarization  break" 
method  are  shown  in  Table  3.  With  the  exception  of  the  galvanized  steel  piles,  the  cor¬ 
rosion  rates  of  the  steel  piles  remained  fairly  constant  during  the  years  of  measurement. 
Corrosion  rates  on  the  galvanized  piles  continue  to  decrease  from  year  to  year,  being 
about  1/20  the  initial  rate  after  4  years.  As  might  be  expected,  the  corrosion  rates  for 
the  piles  coated,  except  for  the  bottom  12  feet,  are  lower  than  for  the  bare  piles.  The 
corrosion  rate  in  the  water  zone  was  calculated  when  the  length  of  the  piling  exposed  to 
sand  and  tidal  water  was  28  feet  (8.5  m) ,  21  feet  (6.4  m)  of  the  piling  being  buried  in 
the  sand  (7  feet  or  1/4  of  the  piling  being  exposed  to  the  water).  Thus  in  the  following 
relationship: 


3  «  — — - *■  or  x  *  7.8  mils  per  year  (0.2  mm  per  year). 

x  is  the  corrosion  rate  in  the  water  zone,  3.0  mpy  (0.08  mm  per  year)  is  the  corrosion  rate 
in  sand  ♦  water  (see  pile  *1)  and  1.4  mpy  (0.035  mm  per  year)  is  the  corrosion  rate  in  the 
sand  only  (based  on  early  exposure)  (see  piles  17C  and  27C).  According  to  Hunter  and 
Horton*23'  5  mpy  (0.12  mm  per  year)  is  the  worldwide  average  corrosion  rate  in  seawater. 

4.  Discussion 

From  the  results  of  the  electrochemical  measurements  which  have  been  obtained  so  far 
on  the  coated  piles,  it  appears  as  if  some  coating  systems  are  performing  much  better. than 
others.  The  value  of  the  polarization  tests  enables  early  and  objective  data  to  be  ob¬ 
tained  on  the  coating  systems  before  the  piles  are  removed.  Although  this  test  evaluates 
the  coating  systems  in  the  water  and  sand,  visual  observation,  made  so  far  on  the  coatings 
above  the  water,  appeared  to  agree  quite  well  with  the  electrochemical  results.  A  full 
correlation  can  only  be  made  when  the  piles  are  removed  and  examined  quite  carefully.  As 
the  area  below  and  in  the  splash  zones  is  heavily  encrusted  with  fouling,  some  of  the  coat¬ 
ing  may  be  removed  when  the  fouling  is  scrapped  off.  However,  the  protective  nature  of  the 
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coating  can  still  be  determined. 

Of  interest  is  the  observation  that  whereas  the  overall  corrosion  on  most  of  the 
coated  piles  tends  to  increase,  the  corrosion  rate  of  the  galvanized  piles  tends  to  de¬ 
crease  during  4  years.  Corrosion  rates  measured  the  Sth  year  indicate  that  this  tendency 
has  ceased,  the  rate  once  again  approaching  that  of  uncoated  steel.  This  observation  has 
also  been  reported  for  galvanized  pipes  in  an  underground  environment (^4)  an(j  js  believed 
to  be  due  to  the  increased  corrosion  resistance  of  a  zinc-iron  alloy,  lasting  underground 
13  years  or  perhaps  longer. 

The  galvanic  current  data  on  the  cathodically  protected  piles  thus  far  obtained  appear 
to  indicate  that  the  most  efficient  location  of  the  anodes  may  be  in  the  sand  rather  than 
in  the  water. 

Electrochemical  measurements  coupled  with  visual  observations  thus  may  afford  an  in¬ 
valuable  means  of  evaluating  protection  systems  on  pilings  long  before  they  are  removed 
for  final  inspection.  As  the  protection  systems  are  subjected  to  a  natural  environment  the 
value  of  such  observations  is  of  considerable  significance.  The  environment  in  this  test 
represents  a  temperate -water  site.  Eventually  a  warm-water  site  and  a  cold-water  site  will 
be  used  for  testing  the  protective  systems.  CERC  already  is  evaluating  protective  systems 
in  a  warm-water  site  using  the  technique  described  in  this  paper. 
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Table  1  -  Potentials  and  Galvanic  Currants  on  Cathodlcally  Protected  Steel  Piles 
Over  a  Period  of  5  Years  of  Exposure  (Offshore)  In  The  Atlantic  Ocean 
at  Dai*  heck,  Virginia* 


m*i' 

Description 


Potential  of  Pile,  V-Aef-Cu-CuSO^ 
Positioned  Remote  -  On  The  Reach 


JA  Rare  Steel 

31  M  •• 

JC  M  M 

U Co*t*d  St** I 


C*ly.  St**1 
Hot-Dlpp*d 
Jot  Coat 

l«r« 

Low  Alloy 
St**  I 


n  w*t*r 
ii  tan* 
n  water 

n  water 
n  tan* 
n  w*t*r 

n  water 
n  tan* 
n  water 


-1.0*  -1.0]  -1.08 

0.700  0.725  0.910 

I.0S  I  05  1.05 

1.0*  I.0J  1.0* 

0.710  0.730  0.920 

1.0*  1.0*  1.0* 

1.10  1.07  1.12 

1.09  1.07  1.10 

1.09  1 .08  I. 11 


1.09  1.05 
1.01  1.0] 
1.09  1.0* 


1.08  1.08  1.08  1.02 

0.990  1.01  0.9/7  0.980 

1 .0*  1.08  1.07  1.02 


1.05  1.07 
0.925  1.00 
1.05  1.07 


1.07  1.01 

0.919  0.9*0 
1.07  1.01 


J.JtL)  *.0(l)  7.8<u 

8.8(H)  8.3(0 


*■•*(«)  3.5(0 

1.9(1)  l.*(H)  I  •*  (H)  2.7(0 

*.9(L)  *  .2  (H )  5.3(0 

5.8(1)  *.*(H)  8.3(1) 

1.8(1) 

5.7(0  8.7(1) 

5.9(H)  7.1(0  '-IM 


—  All  piles,  except  system  2b,  are  mild  carbon  steel,  all  are  H-plles,  6ln.x8ln.xb6  lbs/ft.-J5f t.  long.  In  all 

cases,  the  sand  line  was  from  15  to  21  ft.  measured  from  the  bottom  of  the  pile,  in  general  the  row  of  C  piles 

having  the  more  sand.  The  length  sf  a  pile  exposed  to  sand  and  water  varied  between  2b  ft.  and  28  ft.,  depend¬ 
ing  on  the  normal  tide. 

— ^Zlnc  anodes  are  bln.xbtn.x)4ln.  weighing  1$0  lbs.  Aluminum  anodes  are  bln.xbln.x36ln.  weighing  60  lbs.  Each 
pile  Is  protected  by  two  anodes  permanently  mounted  on  opposite  Flanges  at  the  same  elevation.  On  the  A  and  C 
piles,  the  anodes  are  mounted  In  the  water  tone  between  the  sand  line  and  the  mean  low  water  line.  On  the  R 

piles,  the  anodes  are  mounted  In  the  sand  tone,  the  tups  of  the  anodes  being  about  6  ft.  below  the  sand  line. 

"Piles  are  coated  with  coal  tar  epoxy.  Pile  A  has  5  windows  (bare  area,  lln.xbln.).  Pile  R  was  completely 
coated,  and  pile  C  was  completely  coated  except  for  the  lower  12  ft.  In  the  mud  tone. 

-^Initial  measurements  -  Hade  In  1567*  k  months  after  Installation. 

^Galvanic  current  Includes  the  local  action  current  on  the  anodes  which  on  the  bare  piling  systems  might 
account  for  about  10  percent. 


Ill 


Table  J  -  Corrosion  Nates  on  i'«vl  PIIIni  Ov.-r  .1  Period  *»»  S  Yr.trs  uf  (aposure  <nff\hurr)  in  ilie  Atlantic  Ocean  at 
Da«  NesL,  Virginia  -  li.cd  un  Yearly  Polarisation  M»'a-iu»c«*'nt  s. 


1 

mo*/ 

y 

Avg.  Corrosion  Current  Don*. i  f y 

mA/ft2 

2/ 

Corrosion  Aate-Avg.  Fynciration 

_ "E* _ 

s 

Description 

_ H-  htmb- 

jTiUe 

T  ide 

■ 

■raa 

warn 

■rra 

B!i 

IQS 

Et 

htj 

■me 

1848 

ESI 

■nap 

1872 

1 

•ere  low  carbon  steel 

H  pile  1  in. al  In. 

5.5(0 

*.*  id 

».» a) 

5.5  IN) 

5.7  0) 

5.8« 

7.0(1) 

7.7  (L) 

2.4  (l) 

7.0  (hi 

7.5  to 

3.  oh 

bC 

Low  carbon  stool 
coated  with  coal  tar 
epoay  except  for 
bottom  12  ft.  N  pile 

5.0  (l) 

).]  (U 

1.5  (L) 

j.i  (0 

5. OH 

1.5  (O 

1.7  «■> 

2.0  (L) 

V 

1.7  in 

l.S* 

I7C 

Low  carbon  stool 
coated  w  1  th  phenol  Ic 
mastic  except  for 
bottom  12  ft.  M  pilo 

2.4  00 

b.4H 

1.7  (H) 

1.3H 

10 

Oe'vaniied  low  carbon 
'.tael  M  pile.  Mot- 
dipped  coating 

*.5(0' 

O.M(l) 

O.J50) 

0.3KO 

0.1* <i> 

3  01 

7.7(1) 

0.70(1) 

0.20(1) 

0. 14  (L) 

0.17(1) 

I.5L 

13 

•are  Low  Alloy 

Steel  M  File 

4.401 

7.1  (0 

S.o  (L) 

*.5  <H> 

4.4  (1) 

5.51 

7.7(1) 

7.5  (1) 

7.5  (O 

7.7  (H) 

7.7  ID 

1.81 

M 

•ere  low  carbon 
stool  1  In.  pipe  pile 

- 

5.0  (0 

S.l  (L) 

5.8  0) 

8.4  (O 

?.5I 

7.5  (1) 

2.4  (L) 

7.0  (1) 

5.7  (L) 

>.8! 

I7C 

Low  carbon  steel 
•  In.  pipe  pile  cooled 
with  coal  ter  epoxy 
except  for  bot  tom 

12  ft. 

7.7  <0 

7.7  (L) 

».o  (U 

7.5  (»> 

5.11 

l.»  (D 

1.4  (L) 

b.O  (L) 

7.7  (H) 

1.61 

-IlMl  on  overage  of  corrosion  current  densities  calculated  fro*  break*  In  the  rectangular  and  semi-loger  I  thole 
plot*  of  cathodic  and  anodic  polarization  curve*.  Note:  To  convert  wA/ff2  to  uA/dm2  (appro*),  Multiply  by 
107.1. 

i^htad  on  corrosion  current  densities  shown  in  thi*  table  end  Faraday'*  law.  eesuming  that  the  electrochemical 
equivalent  K  •  2.l838*IO~*  g/C.  Note:  To  convert  opy  (oil*  per  year  or  thouseno*  of  an  inch  par  year)  to  umpv 
(laicrooater*  per  year)  aprox,  axiltiply  by  2$.  Corrosion  rate,  mpy  -  0.5*  Corrosion  current  density  (iuA/ft2), 

•gproa. 

dr  Initial  measurements  -  hade  In  1047,  *  Month*  aftar  Installation. 

— ^ All  pile*,  except  21,  ere  olid  carbon  steel.  All  M-piles  ere  •  In.  a  0  in.  a  *»8  lbs. /ft.  The  piles  are  31  ft. 
long. end  the  send  line  was  from  I)  to  21  ft.  measured  fro*  the  hot  to*  of  the  pile.  The  lenoth  :f  piling  eaposed 
to  tend  end  tidel  weter  varied  between  2b  and  28  ft.,  the  remainder  being  eaposed  to  atmosphere  end  spray.  Thus, 
•f  the  length  of  piling  eaposed  to  send  end  tidel  weter,  appro*  1  mate  I  y  75  percent  Is  eaposed  to  send. 

NOTE:  The  calculation*  of  corrosion  current  density  and  corrosion  rate  ere  based  on  the  area  of  bare  steel  originally 
aaposed  to  sand,  water,  or  ooth.  Thus,  for  the  coated  piles,  4C,  I7C,  and  2/C,  where  the  bottom  12  feet  were 
uncoeted,  tha  aarly  calculations  can  be  attributed  to  corrosion  In  send  only.  An  increase  in  the  corrosion 
rate*  of  tho  coated  pile*  with  time  Is  probably  due  primarily  to  a  deter  ioret  Ion  ot  the  coating. 
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Figure  1.  Location  up  of  piling  test  site,  Dam  Neck,  Virginia 


Hwll— M  Dlrtww  to  FMt 


Figure  2,  Bottom  profiles,  piling  test  site.  Dam  Neck,  Virginia. 
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Figure  4 


Figure  3.  Piling  installation  plan. 
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Diagram  of  pile-coatings.  MHW  (mean  high  water),  MLW  (mean  low  water). 
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Figure  7.  Distant  view  of  pilings,  showing  olectrical  cable 
used  to  aaka  electrochemical  Measurements . 


8 

i 


( 

Figure  8. 


Graph  showing  decrease  in  coating  effectiveness  and  coating  indices 
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Summarized  Discussion 


In  reply  to  a  question  concerning  the  galvanized  piling,  it  was  stated 
that  the  galvanizing  (4-Soz)  was  still  providing  protection  after  4  years 
but  was  showing  signs  of  deterioration  after  the  Sth  year. 

It  was  commented  that  the  corrosion  current  on  a  coated  pile  was  about 
the  same  as  for  uncoated  piles.  In  reply  to  this  comment,  it  was  stated 
that  this  pile  was  a  polyamide  cured  coal  tar  epoxy  pile  which  was  not 
coated  on  the  bottom  (bottom  12  feet).  (On  re-examination  of  the  original 
data,  it  was  found  that  the  high  value  reported  (6.5  mA/ft1)  was  in  error 
and  that  the  proper  value  should  be  4.6  mA/ft1  as  indicated  in  Table  1  for 
pile  SA). 

It  was  commented  that  at  the  location  of  the  piling  where  there  was 
a  lot  of  sand  erosion,  the  results  obtained  would  be  less  indicative  of 
corrosion  than  of  erosion  and  therefore  have  restricted  application. 
(Author's  comment:  This  site  was  chosen  principally  for  its  erosive  effect 
by  the  American  Iron  and  Steel  Institute,  the  National  Bureau  of  Standards 
and  the  Army  Corps  of  Engineers,  since  many  offshore  installations  by  the 
Army  Corps  of  Engineers  are  in  such  environments.  Further  tests  of  the 
systems  in  quiescent  waters  are  now  in  progress  or  being  planned.) 

A  comment  was  made  that  in  a  study  of  current  requirements  of 
cathodically  protected  piles  without  coating  in  quiet  water,  great 
difficulty  was  experienced  in  measuring  current  consumption.  With  varia¬ 
tions  in  water  level  of  a  few  inches,  very  different  measurements  of 
current  consumption  were  obtained.  On  the  coated  piles,  coating  deteri¬ 
oration  was  noted  primarily  at  the  water-air  interface. 

In  reply  to  a  question  as  to  whether  the  area  of  the  pile  down  in 
the  mud  was  considered  in  calculating  the  corrosion  rates  by  the 
polarization  method,  the  authors  stated  that  it  was. 

A  comment  was  made  that  the  average  corrosion  rates  would  not  reflect 
the  possible  differences  in  the  performance  of  the  low  alloy  piling  and 
the  ordinary  carbon  steel  piling  in  the  splash  zone  where  the  low  alloy 
steel  piling  shows  an  advantage.  The  author's  reply  was  that  in  the 
beginning,  the  low  alloy  steel  seemed  to  corrode  at  a  lower  rate  than  the 
carbon  steel.  Also  the  current  requirements  for  cathodic  protection  of 
the  low  alloy  steel  were  lower  than  for  the  carbon  steel.  As  time  pro¬ 
gressed,  however,  these  differences  were  not  too  obvious. 

It  was  commented  that  it  would  be  of  interest  to  measure  the  potential 
profile  from  the  sand  line  up  to  the  high  tide  line  and  compare  these 
readings  with  the  measured  corrosion  observed  when  the  piles  are  pulled. 
Also,  it  would  be  of  interest  to  compare  these  data  with  the  data  obtained 
in  quiet  waters. 
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STEELMATE  -  An  Underwater  Protective  Coating  for 
_ Steel  and  Wood _ 


P.C.  Truaaell  &  T.P.  Clark 

B.C.  RESEARCH 
3650  Weabrook  Creacent 
Vancouver  6,  Canada. 


Protection  of  Steel  and  Wood  In  Huald  and  Submerged  Environments 

The  advent  of  thle  reeeerch  Institute  Into  the  field  of  protecting  materials  In  the 
marine  environment  was  an  outgrowth  of  applied  work  on  the  protection  of  wood  against 
wood  borers.  Research  Initiated  in  1949  lead  to  systems  of  protecting  saw-logs  trans¬ 
ported  and  stored  In  sea  water  (l)t  pontoons  of  floating  wood  and  dry  docks,  floating 
dolphins  and  a  variety  of  wooden  siarine  Installations.  Later  a  non-destructive  sonic 
method  for  determining  the  soundness  of  marine  piling  was  developed.  By  the  mid  1950's, 
however,  no  satisfactory  technique  had  been  developed  for  the  protection  of  standing 
wooden  piles. 

In  1957  this  Institute  undertook  two  approaches  In  an  attempt  to  develop  a  method 
for  protecting  standing  piling:  the  mechanised  wrapping  of  piling  from  the  mud  line  to 
beyond  the  hlgh-tlde  level  using  heavy-duty,  plastic  tape;  and  the  development  of  a 
mastic-type  coating  applicable  to  piling  both  below  and  above  water.  Within  a  year  the 
first  approach  was  sbandoned  because  of  difficulties  forseen  with  obstructions  In  the 
wrapping  of  piles,  such  as  the  close  proximity  of  brace  plies  to  standing  plies  In  pier 
bents.  The  mastic  coating  first  showed  very  promising  results  but  on  subsequent  field 
testing  failed  because  of  Inadequate  adhesion  to  wooden  piles.  This  coating  was  eventua¬ 
lly  abandoned. 

A  re-evaluation  of  the  problem  lead  to  pi  icing  a  priority  on  a  protective  coating 
for  steel  over  one  for  wood  In  the  marine  environment.  Two  reasons  for  this  decision 
were  the  Increasing  use  of  steel  over  wood  In  the  sea  and  greater  technical  feasibility. 
Steel,  after  proper  cleaning,  provides  a  much  more  conslstant  and  receptive  substrate 
for  coating  than  does  submerged  wood.  Subsequent  work  has  lead  to  the  development  of  a 
protective  coating  for  steel  (2),  referred  to  at  STEELHATE,  s  modification  of  which  Is 
applicable  to  wet  or  submerged  wood.  Most  of  the  work  that  has  been  done  and  which 
will  be  referred  to  in  this  paper,  relates  to  two  formulations  which  have  been  used  for 
protecting  steel. 

Requirements  for  an  Underwater  Coating: 

The  underwater  or  Intertidal  environment  presents  s  completely  new  set  of  conditions 
with  different  demands  for  the  application  and  life  of  a  coating  compared  with  those  In 
air,  and  particularly  those  on  dry  surfaces.  The  coating  first  must  adhere  to  wet  sur¬ 
faces,  and  this  is  achieved  In  part  by  displacement  of  most  of  the  water  during  applica¬ 
tion  by  brush  or  roller,  and  then  of  absorption  and  reaction  with  the  remaining  film  of 
water  lying  between  the  applied  coat  and  Its  substrate.  T*.e  coating  must  be  compatible 


^Flgulres  In  parentheses  indicate  the  literature  references  at  the  end  of  this  paper. 


120 


-  2  - 


with  the  salts  In  aea  water  aa  well  aa  perform  In  the  presence  of  freah  water.  Dealrably 
the  coating  ahould  be  a  high-build  one  that  will  provide  a  reasonably  thick  single  coat 
for  the  sake  of  economy,  since  underwater  painting  is  costly  compared  to  that  in  air.  For 
the  same  reason,  the  coating  should  preferably  be  self-sufficient,  and  require  no  under¬ 
coating  or  topcoating. 

To  meet  application  requirements,  the  coating  must  grip  the  substrate  readily  and 
set  fairly  quickly  so  as  to  resist  dlsassociatlon  from  the  substrate  by  wave  action.  The 
coating  anist  also  be  amenable  to  application  over  a  fairly  wide  temperature  range,  and 
particularly  at  lower  temperatures  since  bodies  of  water  on  average  are  much  cooler  than 
the  atmosphere  when  coatings  are  applied.  The  coating  must  protect  the  steel  against 
corrosion,  accordingly  its  water  and  oxygen  permablllty  must  be  low.  Since  it  exists  in 
sn  aqueous  environment  it  must  withstand  freese-thaw  action. 

A  number  of  other  attributes  must  be  built  into  the  coating  If  It  is  to  meet  practi¬ 
cal  marine  applications.  For  example,  sand-blasted  steel  readily  forms  a  thin  oxide 
coating  which  often  becomes  visible  in  IS  or  20  minutes.  The  coating  must  be  able  to 
penetrate  the  newly  formed  oxide  film  and  grip  the  steel  underneath.  If  the  coating  is 
to  be  applied  to  ship  bottoms,  it  must  have  a  reslstence  to  cold  flow.  One  of  the  re¬ 
quirements  which  has  presented  considerable  difficulties  has  been  overcoming  attack  and 
damage  by  barnacles  (3).  Impurities  in  the  water,  or  on  the  surlace  of  waters  can  inter¬ 
fere  with  the  application  and  curing  of  coatings.  For  example,  surface  oil  pollution  in 
Industrial  harbours  will  readily  contaminate  the  surface  of  sand-blasted  steel,  at  or 
near  the  intertidal  zone,  thereby  Interfering  with  adhesion  of  the  coating  to  the  steel. 

From  the  requirements  set  forth  above  it  can  be  seen  that  the  demands  on  an  under¬ 
water  coating  are  rigorous.  This  can  be  appreciated  more  when  it  Is  realized  that  the 
cost  of  preparation  and  application  of  a  coating  underwater  is  substantially  higher  than 
that  for  one  in  air,  and  consequently  the  protective  life  of  the  coating  underwater  is 
desired  to  be  moderately  long. 

Properties  of  the  Coating! 

STEELMATE  has  a  polyester  base  in  combination  with  other  resins  and  additives.  It 
is  prepared  in  three  parts  -  the  vehicle,  powder  (pigment)  and  catalyst  which  are  combined 
immediately  before  application.  The  pot-life  is  forty-five  to  fifty  minutes.  The  specific 
gravity  is  1.18  so  that  it  responds  to  gravity  underwater.  It  requires  twelve  hours  for 
drying  in  air,  forty-eight  hours  underwater.  The  separate  constituents  have  a  shelf  life 
of  over  a  year.  Coverage  in  air  is  about  120  square  feet  per  gallon  at  10  mil,  underwater 
about  60  square  feet  per  gallon  taking  into  account  practical  losses.  Application  can 
be  made  in  water  over  the  range  of  33°  to  100°F  by  adjusting  the  amount  of  catalyst.  At 
150°F  does  not  set  well.  Tests  undertaken  on  initial  formulations  of  STEELMATE  at  30°C 
(36°F)  and  30  knots  water  current  showed  that  the  "cold  flow"  was  too  high  for  application 
to  ships'  bottoma  within  the  first  24  hours  (4).  Subsequent  modifications  are  now  under 
test. 

Laboratory  Assessment: 

Laboratory  evaluation  using  weatherometer,  salt-sprsy  and  freeze/thaw  tests  were 
made  using  well-known  cold-tar  epoxy,  zinc-rich  polyamide-epoxies  and  vinyl  systems  on 
steel  for  comparison.  The  STEELMATE  was  applied  as  one  coat  and  the  others  as  two-or 
three-coat  system  according  to  the  manufacturers'  specifications.  In  the  salt-spray  test, 
the  cold-tar  epoxy,  the  polyamide-epoxy  and  the  aluminum  vinyl  coatings  showed  undercut¬ 
ting  from  score  marks  across  the  coated  steel  specimens  whereas  both  aluminum  and  red- 
brown  samples  of  STEELMATE  were  free  from  undercutting.  In  the  weatherometer  test  the 
cold-tar  epoxy  performance  began  to  drop  after  the  equivalent  of  three  years  exposure, 
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whereas  Che  polyamide-epoxy ,  aluminum  vinyl  and  STEELMATE  were  in  excellent  condition 
after  the  equivalent  of  12  years.  The  red-brown  STEELMATE  was  tested  to  the  equivalent 
of  30  years  at  which  some  fading  but  no  breakdown  of  the  coating  occurred.  In  the  freese/ 
thaw  tests,  the  cold-tar  epoxy  failed  after  16  cycles  and  polyamide-epoxy  after  30  cycles; 
the  aluminum  vinyl  and  the  STEELMATE  coatings  were  still  in  excellent  condition  after  100 
cycles.  A  summary  of  the  data  on  STEELMATE  are  set  forth  in  Table  1. 

The  laboratory  results  have  shown  that  STEELMATE  applied  as  one  coat  is  equivalent 
or  superior  to  two  and  three  coat  systems  considered  of  high  servlcablllty  for  terrestrial 
applications. 

Field  Applications  to  Steel: 

Applications  have  been  made  in  the  field  ualng  STEELMATE  over  the  past  two  years. 

At  Croton,  Conn,  two  18-member  steel  mooring  dolphins  were  coated  in  August,  1970.  The 
dolphins  were  cleaned  by  sand-blasting  and  painted  by  ualng  coarse-textured  rollers  and 
paint  brushes.  The  coating  was  applied  from  -1  foot  to  +9  foot  mean  low  water.  In  the 
Spring  of  1971  it  was  reported  that  the  paint  was  becoming  detached  on  about  10Z  of  the 
overall  area.  Subsequent  examination  in  August,  1971  combined  with  laboratory  examina¬ 
tions  on  samples  detached  coating  establlahed  that  loss  of  bond  was  caused  by  Incomplete 
removal  of  mill  scale  during  sand  blasting.  In  the  remaining  areas,  the  coating  was 
still  firmly  attached  and  the  steel  sid>strate  was  free  of  corrosion. 

In  the  Fall  of  1970  structural  steel  fenders  at  the  Seatraln  Dock,  Newark,  N.J.  were 
coated  with  STEELMATE  from  mean  low  water  to  plus  three  feet,  partly  over  cold-tar  epoxy 
which  had  been  applied  eerller  and  partly  over  clean  steel.  An  inspection  on  October  8, 
1971  disclosed  that  some  of  the  coetlng  was  falling  where  It  had  been  applied  over  the 
epoxy  coating  due  to  disbonding  of  the  epoxy  coating  but  in  all  cases  the  STEELMATE  was 
Intact  where  it  had  been  applied  directly  to  steel. 

On  March  1,  1971  seal  tanks  at  the  Oak  Bay  Marina  at  Victoria,  B.C.  were  drained, 
sand-blasted  end  coated  with  STEE.'.MATE  by  spraying  both  inside  and  out.  The  tanka  were 
refilled  twelve  hours  after  application  of  the  coating  and  the  seals  returned  to  them. 

More  than  one  year  later,  no  sign  of  peeling,  pin-holing  or  loss  of  adhesion  was  detected. 

In  the  Summer  and  Fall  of  1971,  H-pllea  supporting  a  structure  in  Baltimore  were 
coated.  These  piles  were  capped  about  one  foot  above  water  level.  After  one  year  examina¬ 
tion  revealed  that  the  STEELMATE  had  completely  disbonded  in  the  top  15  Inches  of  all 
piles,  but  where  properly  applied,  had  cured  and  was  in  good  condition  below  that  point. 
Presumably,  oil  on  and  near  the  surface  of  the  water  had  Interfered  with  the  application 
and  curing  of  the  coating.  Experimentation  and  testing  is  continuing  on  this  field 
application. 

Attempts  to  apply  STEELMATE  to  sheet  piling  in  the  Neches  River  at  Beaumont,  Texas, 
in  June  1972  ran  into  difficulties  with  adhesion  due  to  river  pollutants.  This  problem 
was  overcome  by  the  addition  of  a  surfactant  to  the  coating.  This  enabled  quick  and 
intimate  contact  of  the  coating  with  the  steel  despite  the  rapid  rate  of  oxidation  of 
sand-blasted  steel  taking  place  under  the  high-temperature,  humid  conditions. 

Our  experiences  to  date  have  clearly  demonstrated  the  need  for  caution  in  applying 
protective  coatings  to  wet  or  submerged  steel.  Water,  with  all  the  materials  for  which 
it  can  be  a  vehicle,  both  solids  and  solutes,  presents  a  hostile  environment  and  it  is 
obvious  that  there  must  be  a  limit  to  the  hostility  that  any  coating  can  withstand. 
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Application  to  Wood: 

The  coating  for  wood  varies  In  composition  and  In  properties  to  that  for  steel. 

The  steel  coating  Is  relatively  impervious  to  the  transmission  of  air  and  moisture  vapour, 
that  for  wood  Is  required  to  "breathe"  so  that  In  areas  where  the  coating  Is  applied  to 
wood  above  the  water  level,  the  moisture  would  not  be  locked  into  the  wood  providing 
conditions  for  dry-rot  to  occur. 

One  of  the  practical  difficulties  confronting  the  development  of  a  coating  for  wood 
was  to  have  the  coating  adhere  to  submerged  wood  despite  the  presence  of  a  fine  coating 
of  slime  over  the  wood.  Despite  careful  cleaning  of  the  surface  of  submerged  wood,  some 
slime  either  persists  or  readily  reforms  over  the  surface  of  the  wood,  and  any  coating 
that  is  to  be  applied  must  be  able  to  accommodate  this  coating  of  slime.  In  compounding 
a  coating  to  meet  this  requirement,  the  coating  for  wood  does  not  set  to  the  same  degree 
of  hardness  as  that  for  steel. 

Sea  water  exposure  carried  out  at  San  Diego  and  at  Vancouver  have  shown  that  under¬ 
water  wood  coating,  cured  for  two  weeks  In  air  prior  to  exposure,  can  prevent  attack  of 
Douglas  Fir  by  marine  borers.  Such  coatings  have  resisted  marine-borer  attack  for  two 
and  one-half  years  to  date. 
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TABLE  1 

LABORATORY  TEST  RESULTS  ON  STEELMAT^^. 


Rasul 


Salt  Spray  Tests,  3300  hours 
CASTM  -  B  -  117-64) 


Discolouration  and  fading  with 
slight  corrosion  In  cuts  but  no 
under-cutting. 


Weatherometer  equivalent  30  years 
(ASTM  E-42-64) 


Fading  at  surface,  condition 
good,  bond  firm. 


Freese/Thaw,  -20°F  for  24  hours,  Excellent  condition,  bond  firm, 

alternated  140°F  for  24  hours: 

100  cycles 
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Oral  Discussion 


Millar:  How  is  the  underwater  portions  of  steel  cleaned  in  preparation 
for  application  of  the  coating? 

Trussell:  We  have  been  recommending  sandblasting  to  white  steel. 

Miller:  Why  is  it  necessary  to  completely  exclude  water  from  an  under¬ 
water- surface  that  is  going  to  be  coated? 

Trussell:  We  feel  that  without  intimate  contact,  the  adhesion  of  the 
coating  is  poor  and  it  will  eventually  debond. 

Question:  Are  the  brushes  and  rollers  used  to  apply  the  coating  standard 
equipment? 

Trussell:  The  brushes  have  bristles  slightly  stiffer  than  those  used 
for  painting  in  air.  (The  coating  is  paintable  but  is  fairly  viscid.)  The 
roller  is  coarse-textured,  something  like  wall-to-wall  carpeting.  Brushes 
and  rollers  are  of  special  design  but  can  be  purchased  in  the  market. 

Clark:  Are  there  any  special  preparations  made  at  the  mud  line? 

Trussell:  No,  aside  from  having  to  cover  as  much  of  the  pile  as  possible, 
which  might  mean  moving  some  of  the  earth  from  the  base  and  later  refilling. 

Collins :  Could  the  author  tell  us  a  little  more  about  your  novel  approach 
for  preventing  barnacles? 

Trussell:  We  add  toxic  organic  chemicals  to  the  coating  which  will  diffuse 
through  the  coating  to  the  surface  to  prevent  attachment  of  barnacles  for 
6  to  9  months,  after  which  the  coating  is  hard  enough  to  maintain  its 
integrity  against  barnacle  attack. 
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Experiments  With  (Coated)  Aluminum  In  Seawater 


John  R.  Saroyan 

Mare  Ieland  Naval  Shipyard 
Vallejo,  California  94592 


Alimilnum  generally  will  vl  that  and  atmoapherlc  expoaure  at  long  ae 
an  adherent  oxide  film  forms  and  remains  over  the  surface.  If,  how¬ 
ever,  the  oxide  layer  Is  disrupted  and  cannot  heal,  corrosion  can  take 
place.  Iamrsed  In  seawater,  disruption  of  the  oxide  film  can  occur. 
Besides  the  presence  of  chloride  Ion  causing  discontinuity  In  the 
formation  or  healing  of  the  oxide  layer,  other  factors  can  Interfere. 
These  include  crevices  (depletion  of  oxygen),  fouling  attachments  and 
wear  actions. 

Experiments  with  bulk  paint  pigments,  their  corresponding  epoxy 
coatings  and  the  effect  on  aluminum  alloys  have  been  studied.  It 
appears  that  lnhlbltlve  chromates  can  help  solve  many  of  the  corro¬ 
sion  problems  Involving  aluminum  alloys  In  seawater.  The  most  effec¬ 
tive  lnhlbltlve  pigment  Is  strontium  chromate  In  an  epoxy  binder  at 
a  PVC  of  20-25X  in  the  dry  film,  with  a  total  PVC  of  25-35X. 

Key  Words:  Seawater;  aluminum;  aluminum  alloy;  galvanic  series; 
negative  potential;  cathodic  protection;  anodic  reaction;  corrosion; 
exfoliation  corrosion;  pitting  corrosion;  crevice  corrosion;  foul¬ 
ing  and  corrosion;  chromate  Ion;  lnhlbltlve  pipsents;  protective 
oxide  layer  (aluminum);  protective  coatings. 


1.  State  of  the  Art 

Whan  lightweight  structures  are  planned,  usually  aluminum  alloys  are  considered.  Such 
structures  Include  aluminum  craft,  boat  hulls,  and  topside  structures  such  as  deck  houses, 
masts  and  radar  antennas. 

Once  the  choice  Is  made  to  use  aluminum  alloys,  the  problems  which  ere  associated  with 
aluminum  and  the  environment  must  be  Identified  and  coped  with. 

Aluminum  as  a  pure  metal  Is  highly  reactive  as  indicated  by  Its  position  In  the 
electromotive  series  of  metals.  Likewise,  aluminum  alloys  are  similarly  reactive  In  sea¬ 
water  or  marina  atmosphere. 

Most  structural  materials  coupled  with  aluminum,  such  as  steel,  will  become  cathodes. 
Then,  the  aluminum  being  anodic,  deteriorates  under  galvanic  corrosion,  when  an  electrolyte 
such  as  seawater  Is  present. 

Uncoupled,  generally  aluminum  alloys  do  quite  well  in  the  atmosphere.  Where  there  Is 
sufficient  oxygen  present,  an  adherent  thin  film  of  oxide  forms  on  the  surface  and  serves 
as  a  protective  coating.  This  Is  quite  different  from  the  corrosion  of  steel  or  rusting, 
where  the  reaction  can  continue  until  the  metal  Is  consumed. 

In  seawater,  aluminum  may  not  do  as  well  where  conditions  are  not  right  to  form  the 
protective  oxide  layer.  For  one  condition,  the  presence  of  the  chloride  ion  Interferes 
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with  the  formation  of  a  continuous  oxide  film.  Besides  the  chloride  causing  film  disrup¬ 
tion,  such  factors  as  crevices,  stagnant  low  oxygen  containing  seawater,  weajr  actions  and 
fouling  attachments  can  all  contribute  to  destroying  the  oxide  protective  film  and  invite 
corrosion.  Aluminum  in  seawater  can  suffer  various  types  of  corrosion.  These  Include 
general  surface  corrosion,  stress  corrosion,  pitting  corrosion,  crevice  corrosion,  inter¬ 
granular  and  exfoliation  type  corrosion.  The  exfoliation  type  corrosion  is  quite  destruc¬ 
tive  as  it  weakens  the  physical  strength  of  the  structure. 

TVo  aluminum  alloys  are  used  prisiarlly  for  aluminum  craft  and  boat  hulls  (1).*  These 
are  alloys  5086  and  5456.  Although  both  contain  magnesium  (5086-4%  and  5456-5%)  (2)  as  the 
primary  alloying  ingredient,  they  differ  in  strength.  Alloy  6061  is  a  general  purpose 
structure  material  using  a  combination  of  magnesium  and  silicon  as  the  chief  alloying 
ingredients. 

The  chemical  composition  limits  are  given  below  for  the  above  three  aluminum  alloys  (3): 
(Also  included  are  No.  1100  and  No.  356  (cast)  for  information  on  panel  evaluations). 
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Besides  chemical  identity,  aluminum  alloys  are  also  classed  as  to  the  temper  resulting 
from  mechanical,  strain  hardened  or  heat  treatments.  The  following  tempers  (H  and  T  value) 
are  available  for  the  three  alloys:  5066-H32,  5456-H321,  and  6061-T6. 

Because  the  temper  produces  certain  properties,  more  than  one  temper  may  be  available 
for  a  given  aluminum  alloy. 

The  alloy  6061-T6  being  a  general  purpose  structure  alloy,  is  used  for  railings,  non- 
welded  structures  and  piping  (plumbing)  such  as  for  radar  antennas.  Although  most  such 
uses  have  been  successful,  certain  radar  antennas  in  way  of  stack  gases  and  subject  to 
marine  atmosphere  have  shown  serious  corrosion  of  the  plumbing  network. 

Figure  1  photograph  shows  an  antenna  plumbing  section  badly  corroded,  resulting  from 
dissimilar  metals  (6061-T6  aluminum  and  stainless  steel)  In  stack  gas  and  marine  environ¬ 
ments. 


The  alloys  5086  and  5456  have  given  very  good  service  in  the  marine  environment.  The 
particular  tempers  arrived  at,  as  indicated  above,  are  what  is  referred  to  as  "quarter- 
hard"  (2)  and  this  is  designated  as  "H32"  for  5086  and  "H321"  for  5456.  The  initial  marine 
uses  of  these  alloys  were  for  superstructures  and  portions  of  ships  and  boats  other  than 


^Figures  in  parentheses  indicate  the  literature  references  at  the  end  of  this  paper. 
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hulls.  Hers,  because  of  location,  accessibility  and  cosmetic  reasons,  such  surfaces  were 
usually  painted.  As  a  result,  no  major  corrosion  problems  developed  with  either  alloy. 

As  the  use  of  these  two  alloys  become  generally  accepted  for  marine  use.  It  was 
believed  that  the  Introduction  of  aluminum  hull  craft  and  boats  would  pose  no  serious 
problems  (1).  However,  there  have  been  several  Instances  where  serious  corrosion  has 
resulted  particularly  with  the  use  of  alloy  5456-H321  for  boat  hulls.  The  most  severe 
corrosion  has  occurred  in  unpalnted  bilge  areas  where  alternately  stagnant  water  (low 
oxygen  content)  and  dry  conditions  prevail.  In  such  unpalnted  bilges,  pitting  corrosion 
soon  results  which  leads  to  two  other  types  of  corrosion  within  the  "Interior  metallurgical 
structure"  (2):  namely,  intergranular  and  exfoliation  corrosion. 

The  exfoliation  type  corrosion  is  Illustrated  and  shown  In  the  Fig.  2  photograph. 

This  photograph  shows  a  hull  section  of  an  aluminum  boat  made  of  5456-H321  alloy.  The 
pitted  and  somewhat  delaminated  surface  was  the  interior  of  the  bilge  area  and  was  not 
painted,  permitting  this  severe  corrosion  to  take  place.  The  opposite  side  of  the  plate 
was  the  exterior  hull  and  was  protected  by  painting. 

Figure  3  shows  another  hull  section  where  delamination  or  exfoliation  corrosion  has 
resulted.  The  exfoliation  type  of  corrosion  gets  started  from  some  Initial  penetration 
of  the  aluminum  either  from  an  edge  or  a  pit.  Then  the  exfoliating  corrosion  action 
starts  In  a  linear  path,  parallel  to  the  main  axis  of  the  plate.  These  linear  paths, 
"highly  directional  structure  of  flattened  and  elongated  grains"  (4),  may  be  Identified  as 
continuous  stretches  of  an  aluminum-magnesium  precipitate  (342  magnesium  In  aluminum)  (5). 
Such  a  composition  which  is  anodic  is  readily  attacked,  for  example,  by  seawater.  This 
metallurgical  structure  is  characteristic  of  rolled  plate  and  shapes.  Today,  exfoliation 
resistant  3086  and  54S6  alloys  are  available  and  are  designated  by  tempers  of  H116  and 
H117.  Mechanical  working  (or  strain  hardening)  of  these  alloys  in  two  directions  breaks 
up  the  continuity  or  layers  of  the  precipitate  compound  (347.  Mg  In  Al)  and  hence  eliminates 
the  exfoliation  potential. 


2.  Background 

A.  Hull  Coatings  -  Bilges,  Tanks,  Underwater  Areas. 

In  some  instances,  aluminum  alloy  hulls  of  craft  and  boats  made  of  5086-H32  and 
particularly  5456-H321  have  shown  exfoliation  type  corrosion,  along  with  pitting.  In 
bilge  areas.  To  arrest  any  further  corrosion  by  providing  means  for  repairing  the 
corroded  areas,  certain  studies  were  Initiated  on  a  more  or  less  expediency  basis. 

These  studies  were  pursued  prior  to  some  of  the  experiments  which  are  reported  further 
on  in  this  paper. 

To  evaluate  both  the  aluminum  metal  and  the  coating  system  which  was  to  provide  the 
protection  against  all  types  of  corrosion,  an  accelerated  test  had  to  be  Implemented. 

For  evaluation,  the  following  aluminum  alloys  were  available:  5456-H321,  5086-H32, 
5456-H116  and  5086-H116. 

The  particular  accelerated  test,  that  was  suggested.  Is  known  as  "SWAACT"  (seawater- 
acetic  acid  test).  It  was  developed  by  Reynolds  Metal  Company  (6)  and  is  essentially  a 
modification  of  the  conventional  salt  spray  test.  Federal  Test  Method  Standard  141A,  of 
1  September  1965,  "Salt  Spray  (Fog)  Test,  Method  6061.  The  test  employs  an  Intermittent 
(30  minutes  on,  120  minutes  off)  synthetic  sea  salt-acetic  acid  spray  at  pH3  for  one  or 
two  weeks  at  120  *F  (49 *C). 

Figure  4  illustrates  the  results  of  evaluations  under  the  "SWAACT."  The  photograph 
shows  various  aluminum  alloy  coupons  after  one  week  exposure  to  the  test. 

Although  the  coatings  used  In  these  evaluations  were  not  specifically  designed  to 
withstand  acetic  acid,  some  such  coatings  did  well  after  being  subjected  to  the  "SWAACT 
Test."  Figure  5  shows  coated  5456-H321  (cold  worked)  aluminum  alloy;  system:  (1)  acid 
cleaner  ("DIC0,"  Diversey  Corporation,  Chicago,  Illinois);  MIL-P-23377  strontium  chromate 
(12X)  epoxy-polyamide  and  MIL- P-24441,  Formula  156,  Red.  After  two  weeks  exposure  to  the 
"SWAACT  Test"  the  scribed  coating  system  was  considered  satisfactory  as  a  means  of  prevent- 
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lng  exfoliation  of  an  aluminum  alloy  that  1$  prone  to  exfoliation.  However,  the  actual 
ecrlbe  Me  50%  full  of  corrosion  products,  such  that  the  edges  of  the  coating  at  the 
scribe  lifted. 

Also,  Immersion  tests  were  conducted  using  the  method  of  Alcoa  Research  Laboratories 
(7)  and  a  synthetic  seawater  Immersion  at  175*F  (80*C)  for  one  week. 

From  the  results  of  these  Initial,  expedient  studies  (8),  the  following  conclusions 
were  arrived  at: 

Optimum  protection  was  afforded  by  coating  systems  consisting  of: 

a.  Chemical  conversion  coating  under  MIL-C-5541  (l.e.,  Alodlne  1200  or  1200S 
of  Amchem  Products,  Inc.,  Ambler,  Pa.  19002). 

b.  High  lnhibitive  strontium  chromate  (12%)  primer  conforming  to  MIL-P-23377. 

c.  Finish  coat,  epoxy-polyamide,  MIL-P-24441  Formula  156  (formerly  1B40)  or 
Devoe  Marine  coatings.  Formula  209  Devran  No.  27  Exterior  Coating— Celane,  Riverside, 
California  92502. 

d.  In  some  instances,  with  high  chromate  primer,  the  chemical  conversion  coating 
of  MIL-C-5541  may  not  be  required. 

e.  When  the  MIL-P-23377  high  chromate  primer  was  replaced  with  a  lead-slllco 
chromate  primer,  the  performance  was  lowered  after  one  week  In  the  "SWAACT  Test." 

f.  Also  replacing  both  the  conversion  coating  and  the  strontium  chromate  primer 
with  only  a  lead-slllco  chromate  primer,  still  lowered  corrosion  resistance  resulted. 

g.  Replacement  of  MIL-P-23377  strontium  chromate  primer  with  No.  117  "wash 
primer"  (MIL-P-15328)  showed  somewhat  lowered  performance. 

h.  Replacement  of  MIL-P-23377  primer  with  Mare  Island  1B30  primer,  nonchromate 
(MIL-P-24441,  Formula  150)  showed  less  corrosion  resistance. 

B.  Radar  Antennas 

Certain  previous  studies  on  protection  of  "equipment  subject  to  stack  gas  and  marine 
environment"  (9)  revealed  Information  pertinent  to  protection  of  aluminum  alloys  In  sea¬ 
water.  This  report  established  the  chemical  conversion  treatment  as  a  means  for  improving 
corrosion  resistance  of  6061-T6  aluminum  alloy.  Also  the  procedure  serves  as  an  automatic 
and  photographic  method  to  Identify  clean  aluminum  surfaces  prior  to  painting.  If  the 
surface  la  not  clean  prior  to  the  conversion  coating  step,  the  resulting  deposited  con¬ 
version  coating  will  not  be  uniform.  It  will  be  spotty  and  discolored  rather  than  uniform 
golden  In  color. 

The  cu.  ’  ent  coating  system  applied  over  the  conversion  coating  for  6061-T6  radar 
antenna  pluuoing  la  epoxy,  pigmented  with  lead  slllco  chromate  followed  by  exterior  epoxy. 
It  appears  that  this  system  could  be  Improved  by  Incorporating  effective,  corrosion  lnhibi¬ 
tive  pigments. 

C.  Maintenance  and  Repair  of  Aluminum  Craft  and  Boat  Hulls. 

Certain  craft  that  have  displayed  pitting  and  exfoliation  types  of  corrosion  undergo 
the  following  repair  and  maintenance  process: 

When  the  hull  plating  is  replaced  use  the  following: 

5456-H116  or  5456-H117  to  replace  5456-H321 

5C86-H116  or  5086-H117  to  replace  5086-H32 


128 


Repair  Painting  of  Bilges 

When  repainting  bilges  that  show  pitted  and  visible  exfoliation  corrosion,  the  follow¬ 
ing  procedure  has  been  established: 

1.  Remove  all  loose  paint  and  corrosion  by  light  sandblasting,  power  brushing, 
or  orbital  sanding.  Do  not  use  any  ferrous  metal  tools  on  aluminum. 

2.  Remove  all  grease,  oil  and  other  contaminants  using  a  water  emulsion  type 
cleaning  compound  (l.e.,  MIL-C-22543). 

3.  Flush  thoroughly  with  fresh  water. 

4.  Apply  one  coat  of  pretreatment  coating.  Formula  No.  117,  KtL-P-15328  (0.3  mil 
dry  film)  on  bare  areas. 

5.  Then  apply  two  coats  of  MIL-P-23377  (2  mils  dry  film). 

6.  Topcoat  with  one  coat  of  MIL-C-22750  (3  mils  dry  film). 

As  an  alternate,  an  epoxy  system  in  accordance  with  ML- P-23236  may  be  applied  over 
the  cleaned  metal.  (For  example,  Devran  202-213  (Devoe  and  Reynolds  Celanese,  Amercoat 
81-82  (Ameron);  Intergard  4421/4423  (International). 


D.  Uhderwater  Painting 


The  underwater  hull  la  painted  with  a  system  utilizing  an  approved  non-copper  or  non- 
mercury  bearing  antlfoullng  coating.  The  following  are  approved  Antifouling  Systems: 


Cllddcn  System 

1-coat  Nupon  Primer  287-G- 500/ 122-062 
1-coat  Vinyl-Cote  AC  Brown  178-01 
1-coat  Vinyl-Cote  Metallic  Mastic  178-E-9 

1- coat  Vinyl-Cote  No-Cop  AF  178-R 

USS  Chemicals  (Porter  Paint  Co.) 

Standard  System 

2- coats  Shipyard  Primer 
1-coat  Tarset  305  A.F. 


Dry  Film  Thickness 

2  mils  (SO. 8  microns) 

2  mils  (50.8  microns) 
4  mils  (101.6  microns) 
2  mils  (50.8  microns) 


1  mil/coat  (25.4  microns) 
12  mils  (304.8  microns) 


Heavy  Duty  System 
1-coat  Shipyard  Primer 
1-coat  C-200 
1-coat  Tarset  305  A.F. 


1  mil  (25.4  microns) 

6  mils  (152.4  microns) 
12  mils  (304.8  microns) 


E.  Exterior  Boottopping  and  Above 

Generally  the  exterior  aluminum  topside  surfaces  are  repainted  because  of  appearance. 
Bliaterlng,  erasing,  cracking  and  chalking  are  some  of  the  signs  that  repainting  is  required. 
The  painting  procedure  outlined  below  is  generally  effective  for  topside  aluminum  surface, 
except  for  such  units  as  radar  antennas  in  way  of  stack  gases  plus  the  normal  marine  atmos¬ 
phere.  As  previously  reviewed,  for  these  surfaces  a  special  preservation  process  is  used. 

The  following  steps  are  suggested  for  general  topside  maintenance: 

1.  Remove  all  loose  paint  by  light  sandblasting,  power  brushing  or  orbital  sanding. 

Do  not  use  any  ferrous  metal  tools  on  aluminum. 

2.  Clean  surface  with  a  liquid  detergent  cleaner  such  as  MIL- D- 16791,  Type  I,  and 
thoroughly  rinse  with  fresh  water. 
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3.  Touchup  bare  metal  areas  with  "wash  primer"  Formula  No.  117,  MIL-P-15328  (0.3-0. 5 
mils  dry  film)  (7.6-12.7  microns). 

4.  Within  24  hours,  apply  2-coats  of  Formula  No.  84  Zinc  Chromate  Alkyd  (TT-P-645) 
of  Formula  120  Zinc  Chromate  Vinyl  Primer  (MIL-P- 15930) . 

3.  After  a  minimum  of  eight  hours  dry,  apply  two  coata  of  27  Haze  Gray  (TT-E-490). 

Dry  film  1.5  mils  per  coat  (38.1  microns). 

F.  Deck  Paint 

Heavy  traffic  areas  can  be  painted  with  a  non-skid  coating  system.  The  following 
procedure  is  given: 

1.  Scrape,  clean  and  apply  No.  117  to  bare  metal  as  discussed  previously.  Apply 
other  primers  as  recommended  by  vendor  of  nonskid  material. 

2.  Apply  finish  coat  of  non-skid  specified  under  MIL-D-23003,  Type  II.  The  color 
should  match  Formula  20  of  JAN-P-699. 

G.  Cathodic  Protection 

Aluminum  marine  alloys  under  the  proper  care  are  said  to  be  resistant  to  seawater 
corrosion.  Also,  it  is  stated  that  there  are  commercial  aluminum  hull  boats  which  have 
been  In  salt  water  service  for  several  years  with  no  paint  on  the  hull,  but  with  proper 
cathodic  protection.  Regardless,  painting  does  provide  adequate  resistance  to  corrosion, 
provided,  of  course,  the  paint  film  Is  continuous  and  formulated  correctly  for  the  specific 
environment. 

Because  of  dissimilar  metal  connections,  stray  electrical  currents,  Improper  grounding 
and  other  sources  of  electrolytic  corrosion,  most  aluminum  boats  are  equipped  with  sacrifi¬ 
cial  anodes.  The  preferred  anode  la  zinc  since  the  potential  difference  between  zfnc  and 
aluminum  is  not  as  great  as  that  between  magnesium  and  aluminum. 

3.  Introduction 

Probably  a  more  difficult  task  than  evaluating  metals  and  coatings  In  an  accelerated 
teat  la  to  find  the  specific  laboratory  test  that  will  simulate  or  duplicate  the  natural 
environment. 

For  many  years  the  turners  Ion  cycle  test  of  specification  MIL- P-23236  (see  below)  has 
been  used  as  a  screening  test  for  tank  coatings  (fuel  and  seawater).  It  seems  once  a  coat¬ 
ing  system  passes  this  year-long  test  it  can  be  used  practically  anywhere  seawater  is  In 
contact. 

In  the  experiments  to  follow,  simple  seawater  (synthetic  and  natural)  Immersions  have 
been  used  extensively.  The  cycle  test  of  MIL- P-23236  was  used  when  evaluating  complete 
scribed  coating  systems. 

Immersion  Cycle  Test  of  MIL- P-23236 

Test  Procedure  for  Tank  Coatings.  For  many  years  the  U.  S.  Navy  paint  laboratories 
have  utilized  methods  of  MIL-P-23236  to  evaluate  anticorrosive  coatings  for  use  In  tanks. 
The  test  procedure  Is  quite  severe,  but  coatings  that  successfully  pass  this  cycle  test 
are  suitable  for  severe  service  use,  for  example,  on  underwater  structures. 

The  procedure  comprises  four  operations  carried  out  in  the  following  order: 

1.  Salt-water  lsmerslon:  Immerse  panels  totally  for  one  week  In  a  3  percent  salt¬ 
water  solution*  of  comaerclal  table  salt  dissolved  In  distilled  water,  at  a  temperature  of 
70  to  90 *F  (20.1-30.2'C). 

*  Natural  seawater  is  used  by  some  organizations. 
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2.  Aromatic-fuel  Immersion:  Following  salt-water  Immersion,  issuers*  panel*  totally 
for  on*  weak  In  a  40  percent  aromatic  eynthetlc  gasoline  made  up  of  a  blend  of  60  volumes 
of  aliphatic  petroleum  naphtha  (TT-N-95A),  20  volumes  of  toluene  (TT-T-548A),  IS  volumes 
of  xylene  (TT-X-916),  and  5  volumes  of  benzene  (W-B-231A)  at  a  temperature  of  70  to  90*F 
<20.1-30.2*0. 

3.  Hot-seavater  Immersion:  Following  fuel  Immersion,  immerse  panels  totally  In  hot 
synthetic  seawater*  for  two  hours  at  175*F  (80*0. 

4.  Hot-seawater  spray:  Following  the  hot-synthetic-seawater  Immersion,  place  each 
panel  within  a  suitable  closed  container  and  opposite  a  3/16  In.  (.45  Cm)  spray  nosale 
aet  at  a  distance  of  2-1/2  ft.  (0.76M)  from  the  panel  face.  At  a  nossle  pressure  of 

25  psl,  spray  each  panel  dead  center  with  a  blast  of  hot  (175*F)  (80*C)  synthetic  sea¬ 
water  for  a  period  of  10  seconds. 

Note:  Operations  1  to  4  constitute  one  complete  test  cycle.  This  cycle  is  repeated, 
and  coating  deterioration  Is  reported  after  each  complete  cycle. 

If  the  coating  is  still  satisfactory  after  20  cycles,  wipe  the  panel  lightly  with  a 
soft  cloth  and  fresh  water,  allow  48  hours  for  it  to  dry  thoroughly,  then  recoat  the 
central  upper  third  of  one  side  of  each  panel,  masking  the  portion  from  the  edge  to 
1/2  In.  (1.27  Cm)  inward,  with  one  coat  of  the  finish  coating  of  the  coating  system. 

Allow  one  week  of  dry  time  and  complete  the  Immersion  test  with  five  additional  test 
cycles;  inspect  the  coating  for  failure. 

4.  Scope  of  Experiments 

The  experiments  conducted  Included  sequence  studies  of  pigments.  Individual  coatings 
incorporating  the  candidate  pigments,  and  finally  complete  coating  systems  utilizing  the 
specially  pigmented  coatings  as  primers.  As  control,  bare  aluminum  panels  were  Included 
in  the  series  of  tests. 

Preliminary  tests  Included  imnersion  of  five  aluminum  alloys— 6061-T6,  5086-H32, 
5456-H321,  1100-H14  and  5086-H116  In  both  synthetic  (See  Table  A  for  composition)  and 
natural  seawater.  Figure  6  photograph  shows  the  condition  of  the  five  aluminum  alloys 
(6061-T6,  5086-H32,  5456-H321,  1100-H14  and  5086-H116)  after  30  days  Immersion  In  the 
dark  in  synthetic  seawater.  All  panels  darkened  and  showed  various  degrees  of  mostly 
pitting  corrosion;  6061-T*  showed  the  most  corrosion  attack.  Figure  7  shows  the  five 
alloys  after  30  days  limners  ion  In  the  dark  in  the  ocean.  Here  again,  there  Is  mostly 
pitting  type  corrosion.  6061-T6  Is  the  least  resistant  to  the  ocean  Immersion.  Figure  8 
photograph,  a  welcomed  error  In  test  design,  showed  accelerated  galvanic  corrosion  Induced 
by  a  monel  panel  holding  rod.  None  of  these  panels  showed  any  exfoliation  corrosion.  Only 
pitting  type  corrosion  was  evident. 

In  some  instances,  the  accumulation  of  fouling  growth  on  aluminum  has  not  been  con¬ 
sidered  a  major  problem  from  the  viewpoint  of  causing  corrosion.  For  example,  discussion 
by  A.  Cullhaudla  (France)  and  C.  P.  De  et  al.  paper  (10)  "Corrosion  Behavior  of  Metals 
and  Alloys  Imnersed  Conditions  In  Indian  Harbour"  —  — -have  you  found  a  relation 

between  the  formation  of  pitting  and  fouling?"  C.  P.  De  replied:  "On  the  basis  of  present 
exposure,  no  correlation  can  be  drawn  between  the  formation  of  pitting  and  fouling." 

Other  Information  indicates  corrosion  caused  by  fouling  attachment.  Walker  et  al  (11) 
Indicates  chat  "Alloy  7039-T64  showed  only  very  minor  degree  of  pitting  on  one  of  the  two 
exposed  panels  (maximum  pit  depth  of  8  mils,  203.2  microns)  which  appear  to  have  occurred 
under  localized  marine  fouling." 

Further,  Saroyan  (12)  indicates  that  "fouling  causes  corrosion." 

Caller  (13)  supports  pitting  corrosion  by  fouling  attachment.  He  states  that  "an 
Important  auxiliary  problem  of  hard  fouling— that  is  the  shelled  forms,  such  as  barnacles— 
may  be  accelerated  corrosion.  Not  infrequently,  the  dead-water  pocket  between  the  base  of 

*  Natural  seawater  Is  used  by  some  organizations. 
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the  barnacle  and  the  metallic  surface  may  become  a  galvanic  cell  owing  to  the  growth  of 
anaerobic  bacteria  and  other  microorganisms  which  bring  about  a  sufficient  change  In  the 
pH  of  the  water  In  the  pocket  to  generate  an  electrical  current.  The  result  may  be  pit¬ 
ting  of  the  metal  plates.  Often,  after  a  ship's  bottom  has  been  scraped  and  older 
barnacle  shells  removed,  depressions  show  up  in  the  steel  plates  which  coincide  with  the 
outline  of  the  base  of  the  shell." 

Recent  imnersion  experiments  conducted  at  the  Point  Reyes,  California  test  site  ex¬ 
plored  the  subject  of  corrosion  caused  by  fouling. 

Figure  9  photograph  shows  fouling  after  60  days  imnersion  on  all  five  aluminum  alloys: 
6061-T6,  5086-H32,  5456-H321,  1100-H14  and  5086-H116. 

To  illustrate  crevice  corrosion  or  oxygen  concentration  cell,  certain  well-formed, 
attached  barnacles  (on  5086-H116  aluminum  alloy),  as  shown  in  the  Fig.  10,  photomicrograph, 
were  dislodged  and  the  base  plate  carefully  removed  without  abrading  the  aluminum. 

Figure  11  photomicrograph  shows  the  surface  of  the  aluminum  after  the  barnacle  was 
removed.  Pitting  caused  by  crevice  corrosion  can  plainly  be  seen. 

Experiment  Series  1  and  2  following  explored  the  lnhlbltlve  effect  on  the  aluminum 
alloys  of  sodium  chromate  In  synthetic  seawater.  With  some  yardstick  values  of  chromate 
concentration  necessary  to  prevent  corrosion,  subsequent  tests  with  pigments  and  pigmented 
coatings  and  system  were  performed. 

The  effect  of  bulk  lnhlbltlve  type  pigments,  suspended  in  synthetic  seawater,  on 
aluminum  alloys  was  studied.  Also  the  leached  material  as  well  as  the  increased  aluminum 
content  of  the  seawater  was  determined.  These  same  pigments  were  Incorporated  Into  epoxy- 
polyamide  coatings;  and  then  these  coatings  were  tested  as  to  their  effect  on  aluminum 
alloys.  The  cured  epoxy  coatings  applied  on  glaBs  panels  were  immersed  in  synthetic  sea¬ 
water  along  with  aluminum  panels.  The  effect  on  the  aluminum  panels  of  the  leached  matter 
from  the  various  coatings  was  noted. 

Finally,  the  pigmented  epoxy  coatings  were  utilized  as  primers  in  a  coating  system. 

The  cured  coating  system  was  scribed  and  subjected  to  the  immersion  cycle  test  of  MIL-P- 
23236.  The  comparative  performances  at  the  scribes  for  two  periods  (3  months  and  6  months) 
of -time  were  noted. 

Experiment  1  —  Effect  on  Aluminum  Alloy  6061-T6  When  Immersed  in  Synthetic  Seawater  and 
in  Synthetic  Seawater  with  Varying  Amounts  of  Sodium  Chromate. 

Aluminum  alloy  6061-T6  panels  (1/8"  x  3-1/2"  x  5-1/2")  (.3  x  9  x  14  cm)  were  limnersed 
in  950  ml  of  synthetic  seawater  (See  Table  A  for  composition.)  with  or  without  sodium 
chromate  added.  The  solutions  were  Identified  as  to  various  cation  concentrations  initial¬ 
ly  and  also  after  the  aluminum  panels  had  been  limnersed  In  the  solutions  for  30  days. 

Table  1  sumnarizes  data  obtained  Including  pH  values  and  condition  of  aluminum  panels 
after  30  days  Immersion.  The  cation  concentrations  are  given  In  micrograms  per  milliliter 
(lig/ml). 

It  will  be  noted  for  Beaker  No.  1,  (seawater  control)  the  panel  showed  corrosion. 

(See  Fig.  12,  photomicrograph  showing  pitting  of  6061-T6  aluminum  alloy.)  This  Is  also 
supported  by  an  Increase  of  A1  In  solution  from  .5  to  2.00.  Beaker  No.  2  showed  a  few 
spots  of  corrosion.  The  A1  In  solution  Increased  from  .5  to  1.00.  Also  a  concentration 
of  2 pg/ml  for  Cr  was  present.  The  corrosion  decidedly  drops  off  In  Beaker  No.  3  where  Cr 
la  11.7  pg/ml  and  the  A1  remains  at  the  Initial  value  of  0.5. 

Experiment  2  -  Effect  on  Aluminum  Alloy  1100-H14  when  Immersed  in  Synthetic  Seawater  and  In 
Synthetic  Seawater  with  Varying  Amounts  of  Sodium  (hromate. 

This  experiment  is  a  repeat  of  experiment  No.  1  for  the  reason  that  Alloy  6061-T6  con¬ 
tains  soma  chromium  and  as  such  values  for  Cr  could  have  been  In  error.  With  the  1100-H14 
alloy,  chromium  can  be  accounted  for  as  coming  solely  from  the  sodium  chromate.  Also  It  was 
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dealred  to  lun  If  there  vaa  a  surface  effect  of  the  chromate  on  the  aluminum.  The  pro¬ 
cedure  followed  was  as  In  Experiment  No.  1.  Smaller  aluminum  alloy  1100-H14  1/8"  x  2" 
x  4"  (.3  x  5.1  x  10.2  cm)  panels  were  used.  The  panala  were  Immersed  In  synthetic  sea¬ 
water  with  or  without  sodium  chromate  added. 

Table  2  summarizes  the  immersion  data  obtained.  It  Is  estimated  that  chromate, 
analyzed  as  10-15  ppm  as  cation  Cr  (10-15  ppm).  Is  sufficient  to  inhibit  corrosion  of 
6061-T6  and  U00-H14  aluminum  alloy.  Other  data  suggest  that  aluminum  Is  passivated  by 
1%  sodium  chromate  (3)  In  a  3.5%  NaCl  solution. 

Experiment  No.  3  -  Effect  of  Pigments  In  Seawater  on  Aluminum  Alloy  6061-T6 

Excessive  amounts  (about  10  Gms)  of  various  pigments  were  stirred  Into  500  ml  of 
synthetic  seawater  and  permitted  to  remain  In  quiescent  condition  (except  for  one  stirring 
a  day)  for  about  a  month  (18  May-21  June  1972). 

Samples  of  the  seawater  and  dissolved  pigment  portion  were  taken  for  analysis.  Follow¬ 
ing  the  sampling,  1/8"  x  3-1/2"  x  5-1/2"  (.3  x  9  x  14  cm)  6061-T6  aluminum  panels  were 
1  .'<*  to  half  their  areas  In  the  solutions.  Effects  of  the  derived  solutions  on  the 

aluminum  panels  were  noted. 

Table  3,  Part  A  summarizes  the  data  from  the  pigment  solution  experiment.  Concentra¬ 
tions  of  cations  and  pH  originating  from  the  solutions  of  pigments  In  the  seawater  were 
determined. 

Table  3,  Part  B  summarizes  the  data  obtained  after  Inner  sing  the  6061-T6  1/8"  x 
3-1/2"  x  5-1/2"  (.3  x  9  x  14  cm)  aluminum  panels  In  the  pigment-seawater  solutions.  The 
effect  of  these  solutions  on  the  aluminum  Is  Indicated  after  15  days  Immersion.  Certain 
panels  were  left  In  the  solutions  for  a  total  period  of  33  days.  Selective  areas  of  these 
panels  were  photographed  as  close-ups  and  the  following  photomicrographs  show  these  magni¬ 
fied  areas: 

Figure  12  shows  as  a  control  a  panel  of  6061-T6  immersed  In  synthetic  seawater. 
Utotomlcrograph  shows  pitting  corrosion  after  33  days  immersion. 

Figure  13  is  a  photomicrograph  showing  a  selected  area  of  the  surface  of  the  6061-T6 
aluminum  panel  after  33  days  immersion  In  synthetic  seawater  containing  bulk  strontium 
chromate  pigment.  There  is  no  evidence  of  corrosion. 

Figure  14  Is  a  photomicrograph  showing  a  magnified  area  on  the  surface  of  a  6061-T6 
aluminum  alloy  panel  Immersed  33  days  In  synthetic  seawater  containing  basic  lead  slllco 
chromate  pigment  (shows  pitting  corrosion). 

Figure  15  Is  a  photomicrograph  showing  a  selected  area  on  the  surface  of  a  6061-T6 
aluminum  alloy  panel  lnmersed  33  days  In  synthetic  seawater  containing  bulk  zinc  chromate 
pigment.  There  Is  no  evidence  of  corrosion. 

Figure  16  Is  a  photomicrograph  showing  a  selected  area  on  the  surface  of  a  6061-T6 
aluminum  alloy  panel  lnmersed  33  days  In  synthetic  seawater  containing  bulk  lead  chromate 
pigment.  Shows  pitting  type  corrosion. 

Figure  17  Is  a  photomicrograph  showing  a  selected -magnified  area  on  the  surface  of  a 
6061-T6  aluminum  alloy  panel  Immersed  33  days  in  synthetic  seawater  containing  bulk  red 
lead  pigment.  Shows  pitting  type  corrosion. 

Experiment  4  -  Effect  of  candidate  pigments  on  aluminum  alloys  when  incorporated  In  epoxy 
coatings,  applied  to  glass  slides  and  immersed  In  synthetic  seawater  with  aluminum  alloys. 

The  various  pigmented  epoxy  coatings  were  applied  on  2-1/4"  x  3"  (5.7  x  7.6  cm)  glass 
panels  (one  side  only)  cured  10  days  and  lnmersed  in  450  al  synthetic  seawater  to  include  a 
wetted  area  of  6-3/4  sq.  Inches  (43.3  sq.  cm).  The  aluminum  panels  were  either  1/8"  x 
3-1/2"  x  5-1/2"  (.3  x  9  x  14  cm)  (6061-T6)  or  1/4"  x  3-1/2"  x  5-1/2"  (.6  x  9  x  14  cm) 
(5086-H32).  The  Immersed  surface  was  2-1/4"  x  3-1/2"  (5.7  x  9  cm). 
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Tab  la  4  tabulate*  the  result*  of  this  Immersion  test.  Also  Hated  below  are  photo* 
graphs  of  some  of  the  aluminum  panels  after  the  30  days  Immersion.  Figure  18  photograph 
shows  condition  of  the  6061-T6  aluminum  alloy  panel  after  30  days  lnsnerslon  in  synthetic 
seawater  previously  containing  a  glass  panel  coated  with  strontium  chromate  pigmented 
epoxy  coatings  (PVC  2*1/2%,  3%,  10%  and  13%)--shows  varying  performance  from  slight 
corrosion  to  very  slight  corrosion. 

Figure  19  shows  condition  of  6061-T6  aluminum  alloy  panels  after  30  days  Immersion  in 
synthetic  seawater,  previously  containing  glass  panels  coated  with  epoxy  coatings  pigmented 
respectively  with  tributyltin  fluoride,  strontium  chromate  and  lead  slllco  chromate.  The 
tributyltin  fluoride  (45%  PVC)  panel  shows  pitting  and  anodic  areas  of  bright  metal.  The 
strontium  chromate  (MIL-P-23377)  panel  shows  no  corrosion  on  one  side  but  30  spots  of 
filiform  type  corrosion  (black  areas)  on  the  other  side.  The  lead  slllco  chromate  (commer¬ 
cial  epoxy)  shows  pitting  and  anodic  areas  of  bright  metal.  The  two  seawater  control 
panels  (5086-standing;  6061,  flat)  had  slight  edge  and  surface  corrosion.  6061  had  two 
pits.  Included  Is  a  control  panel  imnerted  In  synthetic  seawater. 

Figure  20  shows  condition  of  6061-T6  aluminum  alloy  panels  after  30  days  lnsnerslon  In 
synthetic  seawater,  previously  containing  glass  panels  coated  with  epoxy  coatings  pigmented 
with  cuprous  oxide  and  tributyltin  fluoride— 25%  and  45%  PVC  Cu20,  surface  darkened,  edge 
corrosion,  a  few  pits,  filiform  dark  pitting  areas;  15%  and  25%  TBTF  panels  turned  black, 
pits,  anodic  areas  of  bright  metal,  some  edge  corrosion. 

Experiment  5  -Performances  of  aluminum  alloys  (356  cast  -  1/8"  x  6"  x  12")  (.3  x  15.2  x 
30.4  cm)  and  No.  1100-H14  (1/8"  x  4-1/2"  x  12")  (.3  x  11.4  x  30.4  cm)  panels  coated  with 
epoxy  coating  systems,  scribed  and  subjected  18  months  to  the  immersion  cycle  of  MIL-P- 
23236  are  summarized  here  In  Table  5. 

The  panels  were  thoroughly  cleaned  using  the  process  of  alkaline  cleaner  (Dlversey 
202,  Dlversey  Corp.)  and  (Desmutter,  Deoxidizer,  Amcham  Deoxidizer  No.  1).  The  panel  was 
divided  Into  four  areas  lengthwise.  The  first  top  quarter  consisted  of  only  a  topcoat 
epoxy  with  no  lnhlbltlve  pigments.  The  second  quarter  consisted  of  randldate  epoxy 
primer  with  the  topcoat  epoxy.  The  third  quarter  consisted  of  conversion  coating  (MIL-C- 
5541,  l.e.,  Alodlne  1200,  Amchem  Co.),  the  candidate  epoxy  primer  followed  by  the  epoxy 
topcoat.  The  bottom  quarter  consisted  of  the  conversion  coating  and  the  epoxy  topcoat. 

All  quarters  were  scribed  down  to  the  bare  metal  before  being  subjected  to  the  Immersion 
cycle  of  specification  MIL-P-23236. 

Alodlne  1200  conversion  coating  Improved  performances  of  "poor"  or  low  performing 
primers.  Strontium  chromate  primers  are  Improved  only  slightly  by  the  conversion  coating 
treatment  (MIL-C-5541).  In  such  cases,  if  clean  aluminum  surfaces  can  be  assured,  Alodlne 
conversion  treatment  may  be  eliminated. 

The  most  effective  lnhlbltlve  pigment  tested  here  is  strontium  chromate,  used  In  an 
epoxy  binder  In  the  amount  of  20-25%  PVC,  with  a  total  pigmentation  of  25-35%  PVC. 

Possibly,  depending  on  use,  acceptable  performance  may  be  derived  from  compositions  of 
15-20%  PVC  strontium  chromate,  with  total  PVC  of  25-35%. 

Typical  performances  are  shown  in  the  following  photographs: 

Figure  21  photograph  showing  condition  of  system  coated-scrlbed  356  Cast  aluminum 
alloy  panel  after  18  months  lnsnerslon  In  the  cycle  test  of  MIL-P-23236.  (Basic  zinc 
chromate  pigmentation,  25%  PVC;  overall  average  of  4  ratings  is  80%  performance  for  basic 
zinc  chromate  and  90%  with  Alodlne  conversion  treatment.) 

Figure  22  photograph  showing  condition  system  of  coated-scrlbed  356  cast  aluminum 
panel  after  18  months  lnsnerslon  In  cycle  test  of  MIL-P-23236.  (Strontium  chromate 
pigmentation,  25%  PVC;  performance  Is  95%  for  the  pigment  and  97%  with  the  Alodlne  1200 
treatment. ) 

Figure  23  photograph  showing  condition  of  system  coated-scrlbed  356  cast  aluminum 
panel  after  18  months  Immersion  In  cycle  of  MIL-P-23236.  (Asbestine  3X  pigmentation,  25%FVC 
performance  Is  0%  for  the  pigment  and  60%  with  the  Alodlne  1200  treatment. 
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Figure  24  photograph  showing  condition  of  system  coated-scrlbed  356  cast  aluminum  panel 
after  18  months  Immersion  in  cycle  of  MIL-P-23236.  Primer,  pretreatment  coating,  Formula 
Mo.  117,  MIL-P-15328.  407.  for  #117  and  807,  with  alodlne  1200  treatment. 

Experiment  6  -  Performance  of  1/8"  x  6"  x  12"  (.3  x  15.2  x  30.4  cm)  aluminum  alloy  panels 
(6061-T6,  5086-H32  and  5456-H321)  coated  with  epoxy  coating  systems,  scribed  and  subjected 
for  rating  periods  of  three  months  and  six  months  to  the  lnmerslon  cycle  of  MIL-P-23236  are 
suaaurlzed  In  Table  6. 

The  panels  were  thoroughly  cleaned  as  described  previously  (Diversey  202  and  Deoxldlter 
No.  1).  The  top  third  of  the  panel  was  coated  with  green  epoxy  primer,  U.S  Navy  Formula  No. 

150,  followed  with  gray  epoxy  (Formula  151)  and  a  finish  coat  of  white  epoxy  (Formula  No.  152) 
both  of  MIL-P-24441.  The  bottom  two-thirds  was  coated  with  the  candidate  primer  coating  fol¬ 
lowed  by  the  gray  epoxy  (151)  and  topcoated  with  white  epoxy  (Formula  No.  152).  Just  prior  to 
ianerslon,  the  top  third  areas  and  the  bottom  third  areas,  both  sldea  of  the  panel,  wars  scribed 
down  to  bare  metal.  Three  months  later,  the  middle  area  was  scribed  (for  the  three  months 
ratings) . 

Typical  performances  are  shown  in  the  following  photographs: 

Figure  25  photograph  showing  condition  of  system  coated-scrlbed  6061-T6  alimilnum  panel 
(#437)  after  3  and  6  months  immersion  in  cycle  test  of  MIL-P-23236  (2-1/2Z  PVC  strontium 
chromate  pigment).  Performance  of  Scribe  No.  2  (101)  3  months  Is  9.8  rating.  Scribe  No.  3 
(102)  and  No.  5  Is  3.3  rating  (6  months). 

Figure  26  photograph  showing  condition  of  system  coated-scrlbed  6061-T6  aluminum  panel 
(#442)  after  3  and  6  months  immersion  in  cycle  test  of  MIL-P-23236  (25Z  PVC  strontium 
chromate  pigment).  Performance  of  Scribe  No.  29  (B)  3  months  Is  10  rating.  Scribes  No.  28 
(C,  11)  and  No.  30,  6  months  10  rating. 

Figure  27  photograph  showing  condition  of  system  coated-scrlbed  6061-T6  aluminum  panel 
(#449)  after  3  and  6  months  immersion  in  cycle  test  of  MIL-P-23236  (15Z  lead  slllco  chromate 
pigment).  Performance  of  Scribe  No.  63,  3  months  is  9  rating.  Scribes  No.  64  (110)  and 
No.  66,  6  months,  6.7  rating. 

Figure  28  photograph  showing  condition  of  system  coated-scrlbed  6061-T6  aluminum  panel 
(#484)  after  3  and  6  months  immersion  in  cycle  test  of  MIL-P-23236  (MIL-P-23377,  12Z  PVC 
stontlum  chromate).  Performance  of  Scribe  No.  241,  3  months,  is  9.9  rating.  Scribes  No.  242 
(121)  and  No.  241,  6  months,  7.5  rating. 

Figure  29  photograph  showing  condition  of  system  coated-scrlbed  6061-T6  aluminum  panel 
(#485)  after  3  and  6  months  immersion  in  cycle  test  of  MIL-P-23236.  Comserclal  epoxy  system 
primer  -  lead  slllco  chromate  pigmentation.  Performance  of  Scribe  #246,  3  months  la  8.5 
rating.  Scribe  Nos.  247  (122)  and  249,  6  months,  are  6.7  and  5  ratings. 

Figure  30  photomicrograph  showing  condition  of  Scribe  No.  1,  area  No.  100,  system  coated- 
scrlbed  6061-T6  aluminum  panel  (#437)  after  6  months  immersion  in  cycle  test  of  MIL-P-23236. 
Coating  system  MIL-P-24441,  1-coat  each  Formulas  150,  151  and  152.  Performance  la  2.5  rating. 

Figure  31  photomicrograph  showing  condition  of  Scribe  No.  3,  area  No.  102,  system  coated 
scribed  6061-T6  a  uminum  panel  (#437)  after  6  months  immersion  in  cycle  test  of  MIL-P-23236. 
Coating  system  epoxy  primer,  2-1/2Z  PVC  strontium  chromate  pigment;  Navy  formulas  151  and  152. 
Performance  is  3.3  rating. 

Figure  32  photomicrograph  showing  condition  of  Scribe  No.  28,  area  No.  11,  system  coated- 
scrlbed  6061-T6  aluminum  panel  (#442)  after  6  months  immersion  in  cycle  test  of  MIL-P-23236. 
Coating  system  epoxy  primer,  25Z  PVC  strontium  chromate  pigment;  Navy  formulas  151  and  152. 
Performance  is  10  rating. 

FiguLe  33  photomicrograph  showing  condition  of  Scribe  No.  54,  area  No.  110,  system  coated- 
scrlbed  60bl-T6  aluminum  panel  (#449)  after  6  months  immersion  in  cycle  test  of  MIL-P-23236. 
Coating  system  epoxy  primer,  15Z  PVC  lead-slllco  chromate;  Navy  formulas  151  and  152. 

Performance  Is  6.7  rating. 
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Figura  34  photomicrograph  •bowing  condition  of  Scrib*  Mo.  242,  area  #121,  ayataa  coatad- 
•cribad  6061-T6  alialma  panal  (#464)  aftar  6  aontha  lnaaralon  in  cyda  taat  of  MIL-P-23236. 
Coating  ayataa  apoxy  prlaar,  12S  PVC  strontiia  chroaata  plgaant  -  MIL-P-  23377;  Navy  foraulas 
151  and  152.  Parforaanca  la  7.5  rating. 

Figura  35  photoaicrograph  shoving  condition  of  Scrlba  No.  247,  area  #122,  ayataa  coatad- 
•cribad  6061-T6  aliainua  panal  (#465  aftar  6  aontha  laaaraion  In  cycla  taat  of  MIL-P-23236) . 
Coating  ayataa  coaaarclal  apozy  prlaar,  lead-alllco  chroaata  plgaantatlon;  Navy  foraulas 
151  and  152.  Parforaanca  la  6.7  rating. 
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Table  A 


Table  of  Composition  of  Synthetic  Seavater 

Inscant  Ocean  Chemical  Analysis 
Aquarium  Systesu,  Inc. 

1450  Eaat  289  Street 
Wickliffe,  Ohio  44092 


September  1967 


Dlractiona  for  final  preparation  of  the  synthetic  saa  water  are  given  on  the  packages.  When 
tap  waters  are  deficient,  or  special  culture  problems  call  for  them,  fluoride,  silicate  and 
other  substances  may  be  substituted  for  tap  water  for  culturing  delicate  forms. 


Component  Z  by  Weight 


HaCl 

65.226 

HgS0*7H20 

16.307 

MgCl26H20 

12.762 

CaCl2 

3.261 

KC1 

1.737 

NaHC03 

.4963 

Kir 

.07206 

H3BO3 

.06214 

SrCl26H20 

.04689 

MnS0*H2O 

.009379 

Na2HP0«7H20 

.009379 

L1C1 

.002343 

Na2Mo04  2H20 

.002343 

Na2S2035H20 

Ca(C6Hu07)2H20 

.002343 

.001669 

Al2 (SO4) 318H20 

.001202 

KbCl 

.0004005 

ZnSO*7H20 

.0002563 

K1 

.0002403 

KOTA  NaFe 

.0001936 

CoS047H20 

.0001335 

CuS045H20 

.00002670 
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Table  1 


Analysis*  Before  and  After  30  Daya  of  Solutiona 
of  Synthetic  Seawater  with  Varying  Amounts  of  Sodium  Chromate  and 
Imersed  Alum!  mm  Panel*,  6061-T6 


1. 


Beaker 

1 

2 

3 

4 

5 

6 

7 

PH 

Before 

8.5 

8.5 

8.5 

8.5 

8.5 

8.5 

8.5 

After 

8.2 

8.4 

8.5 

8.5 

8.5 

8.5 

8.5 

Cr,  ug/ml 

Before 

<0.1 

2.00 

11.7 

110 

227 

1120 

2240 

After 

<0.1 

2.00 

11.7 

110 

227 

1120 

2240 

Na,  ug/ml 
Before 

9600 

9600 

9700 

9820 

10000 

10500 

12000 

After 

9600 

9600 

9700 

9820 

10000 

10500 

12000 

Mg,  Ug/>1 

Before 

1000 

1000 

1000 

1000 

1000 

1000 

1000 

After 

1000 

1000 

1000 

1000 

1000 

1000 

1000 

Ca,  ug/ml 

Befor* 

380 

380 

380 

380 

380 

380 

380 

After 

380 

380 

380 

380 

380 

380 

380 

K,  ug/ml 

Before 

290 

290 

290 

290 

290 

290 

290 

After 

290 

290 

290 

290 

290 

290 

290 

Sr,  ug/ml 

Before 

4.30 

4.30 

4.30 

4.30 

4.30 

4.30 

4.30 

After 

4.35 

4.40 

4.30 

4.39 

4.37 

4.30 

4.30 

Cl,  ug/ml 

Before 

15500 

15500 

15500 

15500 

15500 

15500 

15500 

After 

15500 

15500 

15500 

15500 

15500 

15500 

15500 

SO4,  ug/ml 

Before 

2000 

2000 

2000 

2000 

2000 

2000 

2000 

After 

2000 

2000 

2000 

2000 

2000 

2000 

2000 

Al,  ug/ml 

Before 

<0.5 

<0.5 

<0.5 

<0.5 

<0.5 

<0.5 

<0.5 

After 

2 

1 

<0.5 

<0.5 

<0.5 

<0.5 

<0.5 

2.  Sediment  taken  from  Solution*  1,  3  and  7  after  exposure  was  Identified  a*  aluminum 
corrosion  products. 

3.  Condition  of  panels  after  30  days  lasers  Ion  is  suassarlzed  as  follows: 

Beaker  1 _ 2 _ 3 _ 4 _ 5 _ 6 _ 7 

Panel  General  Few  spots  No  Corro-  No  Corro-  No  Corro-  No  Corro-  No  Corro- 

Condltlon  Corrosion  of  Corro-  slon  slon  slon  slon  slon 

a  Ion 

Note:  Analyala  for  aluminum  (above)  correlates  directly  with  the  observed 
corrosion.  Panel  In  Beakar  No.  1  showed  corrosion.  Aluminum  content  went  from 
<0.5  to  2.0  ug/ml.  Panel  In  Beaker  No.  2  showed  a  few  spots  of  corrosion.  The 
aluminum  content  went  from  <0.5  to  1.0  ug/ml.  Panel  In  Beaker  No.  3  showed  no 
corrosion.  The  aluminum  content  remained  at  <0.5  ug/ml. 

4.  Conclusion:  Chromat*  calculated  as  chromium  In  tha  amount  of  about  12  ug/ml  prevented 
6061-T6  aluminim  alloy  from  corroding  In  seawater  after  30  days. 

^Analysis  by  th*  Mare  Island  Naval  Shipyard  Cham  Is try  Laboratory 


136 


Tabic  2 

Part  A  -  24  Hours 


lama re ion  Data  of  Aluminum  Alloy  1100-H14  (1/8"  x  2"  x  4")  (.3  x  5.1  x  10.2  cos) 
In  Synthetic  Seawater  and  Sodius  Chromate 


Beaker 

Na.CrO^  Added  Per  Liter  of 
Synthetic  Seawater  (Gme) 

Calculated  Cr  Con. 
ug/ml  (ppm) 

Condition  of  Panels  After 

24  Hours  Immersion 

1 

None 

Darkened  Surface;  white 

edge  corrosion. 

2 

.003 

1 

No  change 

3 

.006 

2 

No  change 

4 

.015 

5 

No  change 

5 

.03 

10 

No  change 

6 

.045 

15 

No  change 

7 

.06 

20 

No  change 

8 

.075 

25 

No  change 

9 

.15 

50 

No  change 

10 

.30 

100 

No  change 

Part  B  -  IS  Dave 

Beaker 

pH 

Actual 

Cr  Con.  (ppa) 

Condition  of  Panels  after  15  Days  Inerslon 

1 

8.5 

<.2 

Surface  darkened;  white  corrosion  only  on 

edges  and  hook 

hole. 

2 

8.6 

0.9 

Metal  aurface  bright;  very  minute  amount 

of  corrosion. 

3 

8.6 

1.3 

Metal  aurface  bright;  very  small  amount  of  edge 

corrosion  and  crevice  In  hook  hole. 

4 

8.6 

4.3 

Few  local  spots 

of  corrosion;  four  spots  of 

corroalon  on  edges;  one  spot  in  hook  hole; 

aurface  bright. 

5 

8.6 

8.9 

Surface  bright; 

only  a  few  spots  of  surface 

corroalon. 

6 

8.6 

13.3 

Surface  bright. 

No  surface  corrosion;  one 

corrosion  spot 

in  hook  hole. 

7 

8.6 

17.4 

No  change 

8 

8.6 

21.4 

No  change 

9 

8.6 

46 

No  change 

10 

8.6 

87 

No  change 

The  effect  Cr  Con.  for  corroalon  protection  for  aluminum  alloy  1100-H14  may  be  estimated  at 
about  IS  ppm  for  the  IS  day  Immersion  period  In  the  allent  water  condition  and  contained 
chromate. 


Beaker 


2 

3 

4 

5 

6 

7 

8 
9 

10 


Corrosion  in  hook 


Part  C  -  30  Days 

Panel  Condition  after  30  Days  loners  Ion 
Considerable  edge  and  surface  corrosion.  Surface  darkened, 
hole  aurface. 

Surface  shiny.  Some  edge  corrosion.  Corrosion  in  hole. 

Surface  shiny.  Some  edge  corrosion.  Corrosion  in  hole. 

Surface  shiny.  Some  corrosion  edge  and  hole.  Few  minute  surface  corrosion  spots. 
Surface  shiny.  Few  spots  corrosion  on  edge.  Corrosion  In  hole. 

Surface  shiny.  Few  spots  corrosion  In  hole. 

Surface  shiny.  One  spot  corrosion  edge.  Some  corrosion  In  hole. 

Surface  ehiny.  One  spot  edge  corrosion.  Some  corrosion  In  hole. 

Surface  shiny.  One  spot  corrosion  on  edge. 

Surface  ehiny.  No  corrosion. 


For  a  period  of  30  days,  15-20  ppm  Cr  should  give  adequate  corrosion  protection  to  aluminum 
alloy  1100-H14  under  silent  water  conditions  and  contained  chromate. 
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Table  3 


Pert  A 


Pigment*  In  Synthetic  Seeweter 


A. 

B. 

C. 

D. 

E. 

Pigments  added  to  aeswater  18  May  1971  (pH  of  synthetic  seawater,  8.5) 

Solutions  sampled  21  June  1971  (34  days) . 

Aluminua  alloy  6061-T6  placed  In  plgment-aeawater  19  Auguat  1971  (93  days  from  18  May) 
Solution  sampled  on  2  September  1971. 

Alualnua  panels  removed  and  examined  on  21  September  1971. 

Element  Solutions  of  B  Solutions  of  D 

Pigment  Determined  Cone,  ua/ml  Cone,  iift/ml  pH 

1. 

Seawater 

.. 

_ 

_ 

8.5 

2. 

Strontlua  Chromate  #2821-02 

Strontium 

260 

290 

8.4 

Harshaw  Chemical  Co. 

Chromiiai 

160 

180 

8.4 

3. 

Basic  Lead  Slllco  Chromate 

Lead 

<1 

<1 

8.3 

Oncor  M-50 

National  Lead  Co. 

Chromium 

1.5 

0.8 

8.3 

4. 

Barium  Meta  Borate 

Busan  11-MI 

Buckman  Laboratories 

Barlue 

<5 

<5 

8.4 

5. 

Zinc  Chromate  #45-228 

Zinc 

35 

29 

7.0 

Reichhold 

Chromiiai 

230 

230 

7.0 

6. 

Lead  Chromate  0-1924,  04-5 

Lead 

<1 

<1 

8.4 

4908  -  Reichhold 

Chromium 

1.8 

1.5 

8.4 

7. 

Yellow  Iron  Oxide 

Charles  Pfiser  4  Co. 

Iron 

<0.2 

<0.2 

8.5 

8. 

Organokrome  "A" 

Charles  Pfiser  4  Co. 

Chromium 

340 

370 

8.2 

9. 

Zinc  Oxide  #42 7W  (lead  free) 
Eagle  Picher 

Zinc 

0.7 

0.2 

8.5 

10. 

Basic  Zinc  Chromate  J1345 

Zinc 

0.8 

0.2 

8.5 

MPC  -  Mineral  Pigment  Corp. 

Chromium 

4.3 

4.3 

8.5 

11. 

Red  Lead  97X  Type  I.  Grade  B 
Lead  TT-R-191 

National  Lead  Co. 

Lead 

<1 

<1 

8.4 

12. 

Zinc  Dust  #555 

American  Smelting  4  Refining 
Co . 

Zinc 

0.4 

0.4 

8.0 

13. 

Alodine  1200  S 

Amch*at  Products 

Chromium 

860 

860 

2.5 

14. 

Cuprous  Oxide 

C.K.  Williams 

Copper 

0.8 

0.6 

8.5 

15. 

Trlbutyltin  Fluoride 

MAT  Chemical  Co. 

Tin 

<10 

<10 

(Determined  later 
to  ba  0.6  ppm) 

8.3 

Conclusions: 


1.  Chroestss  yielding  large  aeounts,  several  hundred  ppm's  or  wg/sl  as  Cr,  prevent 
corrosion.  Low  vslues  such  as  1.5,  1.8,  stc.  ppe  Cr,  show  corrosion. 

2.  Pigments  such  as  Rad  Lead,  Cuproua  Oxide,  Trlbutyltin  Fluoride  causa  accelerated 
corrosion  of  aluminum  6061-T6.  Barium  Meta  Borate,  Yellow  Iron  Oxide  and  Zinc  Oxide  pit 
aluminum. 
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Table  3 


Part  B 


Panel  No. 


Condition  of  Panel  After  15  Daya  I—eralon 


1  (Fig.  12) 

2  (Fig.  13) 

3  (Fig.  14) 


4 

5  (Fig.  15) 

6  (Fig.  16) 

7 

8 
9 

10 

11  (Fig.  17) 

12 

13 

14 

15 


(Control:  In  aaawater)  Panel  turned  black  -  both  aldea;  white  corroalon 
spote  l7l6"-l/8"  (.15-0.3  ca);  pitting.  Face  -  20  apota;  Back  -  10  apota. 
Excellent;  no  corroalon  (aurface  yellow  chromate  ataln  which  waahea  off 
with  water) . 

Face  and  back  apota  of  white  corroalon;  face  -  5  apota  1/8"  (0.3  ca) ,  nuneroua 
l/16"-l/32"  (.15-. 075  ca)  apota;  back  -  10  1/8"  (0.3  ca)  apota  of  corroalon. 
Alao  l/16"-l/32"  (.15-. 075  ca)  apota. 

Panel  turned  black  both  aldea.  Face  -  5  apota  1/8"  (.3  ca)  corroalon;  Back  - 
12  apota  1/8"  (.3  ca)  corroalon. 

Excellent;  no  corroalon. 

Panel  turned  black,  both  aldea.  Face  -  12  1/32"  (.075  ca)  apota  of  corroalon; 
Back  -  8  1/32"  (.075  ca)  apota  of  corroalon. 

Panel  turned  black.  Face  -  10  apota  corroalon  l/32"-l/8"  (.075-0.3  ca) ; 

Back  -  25  apota  corroalon  l/32"-l/8"  (.075-0.3  ca) . 

Excellent;  no  corroalon. 

Turned  black  both  aldea.  Face  -  30  apota  corroalon  (1/8"  (0.3  ca) ;  Back  - 
20  apota  of  corroalon  -  1/8"  (0.3  ca) 

Conalderable  dark  area a  at  and  near  waterline. 

Turned  black  both  aldea.  Face  and  Back  over  50  apota  of  corroalon  1/8"  <0.3  ca) 
and  larger. 

Turned  dark  both  aldea;  alightly  golden;  nuneroua  apota  etched  or  pitted. 

Both  aldea  aurface  etched  uniformly  and  a  golden  depoalt  formed. 

Very  extenalve  corroalon  -  60S  face  aurface,  50Z  back  aurface. 

Extenalve  corroalon  -  401  face  and  back  aurfacea. 
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Table  4 


Part  A 


Performance  and  Data  on  Aluminum  Panels  Immersed  In  Synthetic  Seawater 
Containing  Glass  Panels  Coated  with  Pigmented  Epoxy  Coatings 


Beaker 

Alias!  mss 
Panel 

Primer 

Performance  of  Panels  -  40  Hours 

1A 

(Fig. 

18) 

6061 

2-1/2*  SrCr04 

Slight  corrosion;  clear  solution 

2A 

(Fig. 

18) 

II 

5*  SrCr04 

Slight  corrosion;  clear  solution 

3A 

(Fig. 

18) 

II 

10*  SrCr04 

Slight  corrosion;  solution:  Very  slight  tint 
of  yellow. 

4A 

(Fig. 

18) 

It 

15*  SrCr04 

Very  slight  corrosion;  solution:  distinctly  yellow. 

5A 

II 

20*  SrCr04 

Very  slight  corrosion;  solution:  more  yellow  than  4A. 

6A 

II 

25*  SrCr04 

OK  -  No  corrosion;  solution:  more  yellow  than  5A. 

7A 

It 

2-1/2*  Ins.ZnCr04 

Some  scattered  white  corrosion;  clear  solution. 

8A 

II 

5*  Ins.  ZnCr04 

Some  scattered  white  corrosion;  solution:  clear  water 
white. 

9A 

II 

10*  Ins.  ZnCr04 

white. 

10A 

II 

IS*  Ins .  ZnCr04 

Some  scattered  white  corrosion;  solution:  water  white 
solution. 

11A 

If 

20*  Ins.  ZnCr04 

Some  scattered  white  corrosion;  solution:  water  white. 

12A 

II 

25*  Ins.  ZnCr04 

Some  scattered  white  corrosion;  solution:  water  white. 

13A 

•• 

15*  M-50 

Two  deep  pits;  surface  corrosion  (back-side  scratched 
places);  solution:  water  whits. 

14A 

II 

25*  M-50 

Several  pits;  surface  corrosion;  solution:  water  white. 

ISA 

II 

15*  11M1 

Surface  turned  black;  many  pits  and  surface  corror- 
slon  especially  near  lower  edge;  solution:  water  white. 

16A 

II 

25*  11M1 

Surface  turned  black;  many  pits  and  surface  corro¬ 
sion  over  surface;  solution:  water  white. 

17A 

II 

15*  Rag.  ZnCr04 

Slight  corrosion;  solution:  yellow  tint. 

18A 

II 

25*  Reg.  ZnCr04 

Very  slight  corrosion;  solution:  yellow  tint. 

19A 

II 

15*  PbCr04 

A  few  pits  at  lower  edge;  some  surface  corrosion; 
solution:  water  white. 

20 

5086 

25*  PbCr04 

Alloy  Is  5086-H32;  few  spots  filiform  type  corro¬ 
sion;  solution:  water  white. 

21 

II 

15*  Fe  Oxide 

Seems  OK;  slight  etched  spots  but  no  white  corro¬ 
sion;  solution:  water  white. 

22 

II 

25*  Fe  Oxide 

One  fairly  large  pit;  a  few  black,  filiform  type 
corrosion  areas;  slight  etched  spots  but  no  white 
corrosion;  solution:  water  white. 

23 

II 

15*  Organokrome 

One  filiform  shape  pit  (black);  solution:  water  white. 

24 

•  1 

25*  Organokrome 

Minor  filiform  black  areas;  one  pit;  solution: 
water  white. 

2SA 

II 

15*  ZnO 

Panel  turned  black;  two  pits;  extensive  surface  etched 
areas;  some  white  In  beaker;  solution:  water  white. 

26A 

•I 

25*  ZnO 

Panel  turned  black;  spots  of  corrosion  with  white 
product;  etched  areas;  solution:  water  white. 

27A 

II 

15*  Red  Lead 

Panel  turned  black;  few  pits;  some  dark  areas;  seam 
to  be  some  white  product;  solution:  water  white. 

2  BA 

11 

25*  Red  Lead 

Panel  turned  black;  few  pits;  few  dark  spots;  some 
white  products;  solution:  water  white. 

29A 

It 

15*  Zn  Dust 

Panel  turned  dark;  black  areas;  few  pits;  areas  of 
bright  etched  metal;  solution:  water  white. 

30A 

II 

25*  Zn  Dust 

Panel  turned  dark;  black  areas;  few  pits;  areas  of 
bright  metal;  white  products;  may  not  be  corrosion; 
solution:  water  white. 

31A 

II 

45*  Zn  Dust 

Panel  turned  dark;  few  bright  natal  areas;  solution: 
water  white. 
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Table  4  -  Part  A  (Cont.) 


Aluminum 

Beaker  Panel  Primer 


32A 

5086 

15%  Cu20 

33A 

ft 

25%  Cu20 

(Fig. 

?0) 

34A 

tl 

45%  Cu20 

(Fig. 

20) 

3SA 

•1 

15*  TBTF 

(Fig. 

20) 

36A 

It 

25%  TBTF 

(Fig. 

20) 

37A 

It 

45%  TBTF 

(Fig. 

19) 

38A 

tt 

M1L-P-23377B 

(Fig. 

19) 

39 

tt 

Devran  202 

(Fig. 

19) 

40  (Fig. 19)  6061 

Seawater 

(Fig.  19)5086 

Control 

Performance  of  Panels  -  40  Hours 

Surface  darkened;  white  corrosion  edges;  several  pits; 
black  filiform  depressed  areas;  etched  areas;  hemisphere 
droplets  milky  product;  solution:  water  white. 

Surface  darkened;  white  corrosion  edges;  few  pits;  black, 
filiform  depressed  areas;  hemisphere  droplets  milky  pro¬ 
duct;  solution:  water  white. 

Surface  darkened;  white  corrosion  edges;  a  few  pita; 
black  filiform  depressed  areas;  hemisphere  droplets 
milky  product;  solution:  water  white. 

Panel  turned  black;  several  deep  pits;  areas  bright 
metal;  some  edge  corrosion;  solution:  water  white. 

Panel  turned  black;  few  pits;  areas  bright  metal;  some 
edge  corrosion;  solution:  water  white. 

Panel  turned  black;  several  pits;  elongated  areas  of 
bright  metal;  some  edge  corrosion;  solution:  water  white. 
One  side  OK;  no  corrosion;  other  side  30  filiform  type 
corrosion  spots;  solution:  slight  yellow  tint. 

Panel  turned  black;  several  pita;  etched  bright  metal 
metal  areas;  slight  edge  corrosion;  solution:  water 
white. 

Panel  turned  black;  few  etched  areas;  bright  metal; 
some  surface  corrosion;  some  slight  edge  corrosion; 

(6061  has  2  pits);  solution:  water  white. 


Conclusion: 

1.  With  chromate  pigmented  coatings,  a  distinct  yellow  color  solution  must  result 
for  effective  corrosion  protection  of  the  aluminum. 

2.  At  3.9  ug/ml  as  Cr  and  a  slight  yellow  colored  solution  (10%  strontlim  chromate  PVC)  , 
panel  shows  slight  corrosion. 

3.  At  15.2  ug/ml  as  Cr  (15Z  strontium  chromate  PVC),  with  a  distinct  yellow  colored 
solution,  the  aluminum  panel  shows  only  very  slight  corrosion  (practically  nil). 

4.  About  15  ug/ml  Cr  seems  to  be  a  minimum  value  to  show  some  evidence  of  corrosion 
protection  of  the  aluminum. 

5.  Coatings  pigmented  with  red  lead,  cuprous  oxide  and  trlbutyltin  fluoride 
cause  accelerated  pitting  corrosion  of  aluminum. 

6.  Coatings  pigmented  with  barium  meta  borate,  yellow  iron  oxide,  and  zinc  oxide 
cause  some  pitting  of  aluminum. 
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Table  4 


Part  B 


Concentration  In  ug/ml  or  ppm 
Beaker  Coating  48  Hr.  Value  30  Daye 


1A 

2-1/2*  SrCrO. 

Cr  - 

0.2 

0.3 

2A 

5*  SrCr04 

Cr  - 

0.4 

0.5 

3A 

10*  SrCrO 4 

Cr  - 

3.9 

12.4 

4A 

IS*  SrCr04 

Cr  - 

15.2 

55.0 

5A 

20*  SrCrO 4 

Cr  - 

27.0 

95.0 

6A 

25*  SrCr04 

Cr  - 

35.0 

128. 

7A 

2-1/2*  Insoluble  ZnCr04 

Cr  - 

1.0 

1.6 

BA 

SX  Insoluble  ZnCrO^ 

Cr  - 

<0.1 

<0.1 

9A 

10*  Insoluble  ZnCr04 

Cr  - 

<0.1 

<0.1 

10A 

15*  Insoluble  ZnCr04 

Cr  - 

<0.1 

<0.1 

11A 

20*  Insoluble  ZnCr04 

Cr  » 

0.2 

0.2 

12A 

25*  Insoluble  ZnCr04 

Cr  - 

<0.1 

<0.1 

13A 

15*  Lead  Slllco  Chromate 

Cr  - 

<0.1 

<0.1 

14A 

25*  Lead  Slllco  Chromate 

Cr  - 

<0.1 

0.2 

ISA 

15*  Barlia  Borate 

Ba  - 

<5 

<5 

16A 

25*  Barium  Borate 

Ba  - 

<5 

<5 

17A 

15*  ZnCr04 

Cr  - 

8.2 

10.1 

18A 

25*  ZnCr04 

Cr  - 

12.2 

14.4 

19A 

IS*  PbCr04 

Cr  - 

4.1 

0.2 

20A 

25*  PbCr04 

Cr  - 

4.1 

0.2 

21A 

IS*  Fa  Oxide 

Fe  ■ 

<0.2 

<1 

22A 

25*  Fa  Oxide 

Fe  - 

<0.2 

<1 

23A 

15*  Organokrome 

Cr  - 

0.1 

<0.1 

24A 

25*  Organokrome 

Cr  - 

4.4 

14 

2SA 

15*  ZnO 

Zn  • 

0.1 

0.1 

26A 

25*  ZnO 

Zn  ■ 

0.1 

0.1 

27A 

IS*  Rad  Lead 

Pb  - 

<1 

<1 

28A 

25*  Rad  Lead 

Pb  - 

<1 

<1 

29A 

15*  Zn  Dust 

Zn  - 

0.1 

0.1 

30A 

25*  Zn  Dust 

Zn  " 

0.1 

0.1 

31A 

45*  Zn  Dust 

Zn  - 

0.1 

0.1 

32A 

15*  CU20 

Cu  » 

0.1 

0.1 

33A 

25*  CuzO 

Cu  ■ 

0.2 

0.1 

34A 

45*  Cu20 

Cu  " 

0.3 

0.1 

35A 

15*  Trlbutyltln  Fluoride 

Sn*» 

<10 

0.2 

36A 

25*  Trlbutyltln  Fluoride 

Sn*“ 

<10 

0.2 

37A 

45*  Trlbutyltln  Fluoride 

Sn*« 

<10 

0.4 

3  BA 

MIL-P-23377B  Epoxy  SrCr04  Cr  - 

6.3 

38 

39A 

Devran  202  Lead  Slllco 
Chromate 

Cr  - 

<0.1 

<0.1 

Note: 

*(Sn)  tin  determined  by  emission  spectroscopy  all 
absorption  spectroscopy. 

others  by  atomic 
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Table  S 


Performance  Data  of  System  Coated-Scrlbed  #356  (Caat)  and  1100-H14  Aliminur  Panala 
After  18  Montha  lamer  a  Ion  in  Cycle  Teat  of  Specification  MIL-P-23236 

Parformancaa  are  Averages  on  Both  #356  and  1100  Alloya 


Scribed  Areas  #2  and  #3 

Performance* 

Panel 

Primer  Plus  Too coat 

at 

Scribes 

No. 

EHrUMJJ 

Scrlb*  #3 

7T~ 

#3 

1 

Zn  25/10 

A 

70 

90 

2 

Zn  25/15 

A 

80 

90 

3 

Zn  25/20 

A 

80 

90 

4 

Zn  30/10 

A 

40 

80 

5 

Zn  30/15 

A 

70 

85 

6 

Zn  30/20 

A 

87 

90 

7 

Zn  35/10 

A 

so 

77 

8 

Zn  35/15 

A 

65 

77 

9 

Zn  35/20 

A 

85 

90 

10 

Barytas  25 

A 

0 

70 

11 

Zn  25 

A 

80 

90 

(Pig. 21) 

12 

Sr  25 

A 

95 

97 

(Pig.  22) 

Coatings : 

Zn  -  Basic 

Zinc  Chromate 

Sr  -  Strontlue  Chromate 

A  -  Conversion  Coating  Alodine  1200 
Topcoat  -  Epoxy 

*  Rating  Method:  100  to  0  (101  -  no  dafacta; 


Scribed  Araaa  #2  and  #3  Performance* 


Panel 

Primer  Plus  Topcoat 

at 

Scribes 

No. 

Scrlb*  #2 

Scrlb*  #3 

~TT 

#3 

13 

Sr  25/10 

A 

85 

90 

14 

Sr  25/15 

A 

90 

95 

15 

Sr  25/20 

A 

95 

95 

16 

Sr  30/10 

A 

90 

95 

17 

Sr  30/15 

A 

90 

97 

18 

Sr  30/20 

A 

95 

97 

19 

Sr  35/10 

A 

90 

95 

20 

Sr  35/15 

A 

87 

9S 

21 

Sr  35/20 

A 

95 

97 

22 

Aabeatlne 

(3x)2S 

A 

0 

60 

(Pig.  23) 

23 

#117  Wash 

Primer 

A 

40 

80 

(Pig. 24) 

24 

Commercial  Lead 

A 

0 

75 

Slllco  Chromate  Epoxy 


-  complete  failure) 


Total  PVC/PVC  of  lnhibltlve  pigment,  i.e.,  Zn:  25/10 


Dafacta  Include:  Corroalon,  undercutting,  b list era,  film  lifting. 
Conclueion: 


1.  Alodine  1200  conversion  coating  (HIL-C-5541)  lmprovea  parformancaa  of  "poor"  or 
low  performing  primers .  Strontium  chromate  primers  are  Improved  only  slightly.  In  such 
cases ,  If  clean  surfaces  can  be  assured,  alodine  conversion  treatment  may  be  eliminated. 


2.  The  moat  effective  lnhibltlve  pigment  teated  here  la  atrontium  chromate,  used  In 
an  epoxy  binder  In  the  aawunt  of  20-252  PVC,  with  a  total  pigmentation  of  25-352  PVC.  Possibly 
depending  on  use,  acceptable  performances  may  be  derived  from  compositions  of  10-202  PVC  stron¬ 
tium  chrosMte,  with  total  PVC  of  25-352. 
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Tab  It  6 


Parforaancoa  of  Coated-Scrlbed  Alimlnua  Panola 


Panal 

Alialnua 

Experimental  Coating 

Performance  Batina*  at  Scribe 

Ho. 

Alloy 

Total  PVC  -  35Z 

Scriba  Mo. 

3  Montha 

Scriba  Mo.  6  Montha 

(Control) 

1  2.5 

437 

(Pig. 23) 

5086-H32 

2-1/2X  PVC  Strontiua 
Chroaata 

2 

9.8 

3  (Pig.  31)3.3 

5  3.3 

438 

«t 

5X  Strontiua  Chromate 

7 

9.9 

8  5 

10  7.5 

439 

H 

10X  Strontiua  Chroaata 

12 

10 

13  6.7 

15  6.7 

440 

M 

15X  Strontiua  Chroaata 

17 

10 

18  9 

20  9 

441 

tl 

20X  Strontiua  Chroaata 

22 

10 

23  9 

25  9 

442 

(Pig. 26) 

N 

25X  Strontiua  Chroaata 

27 

10 

28 (Pig.  32)10 

30  10 

478 

6061-T6 

2-1/2X  Strontiua  Chroaata 

211 

10 

212  7.5 

214  5 

479 

it 

5X  Strontiua  Chromate 

216 

9.9 

217  8.5 

219  7.5 

480 

ii 

10X  Strontiua  Chroaata 

221 

9.9 

222  8.5 

224  9 

481 

ii 

13X  Strontiua  Chroaata 

226 

10 

227  9.7 

229  9.7 

482 

ii 

20X  Strontiua  Chroaata 

231 

9.8 

232  9.9 

234  9.9 

483 

ii 

25X  Strontiua  Chroaata 

236 

10 

237  9.9 

239  10 

443 

5086-H32 

2-1/2X  Inaoluble  Zinc 
Chroaata 

32 

9.7 

33  3.3 

35  3.3 

444 

n 

5Z  Inaolubla  Zinc  Chroaata 

37 

9.9 

38  5 

40  5 

443 

ii 

10X  Inaolubla  Zinc  Chroaata  42 

9.9 

43  5 

45  5 

446 

•• 

15X  Inaoluble  Zinc  Chroaata  47 

10 

48  6.7 

50  7.5 

447 

ii 

20X  Inaolubla  Zinc  Chroaata  53 

9.9 

54  8.5 

56  8.5 

448 

n 

25X  Inaoluble  Zinc  Chroaata  58 

9.9 

59  9 

61  8.5 

433 

n 

15X  Zinc  Chroaata 

83 

10 

84  9.8 

86  9.8 

434 

ii 

25X  Zinc  Chroaata 

88 

10 

89  9.9 

91  9.9 

455 

ii 

15X  Lead  Chroaata 

93 

7.5 

94  5 

96  5 

456 

5436-H321 

25X  Lead  Chroaata 

98 

9 

99  5 

101  5 

449 

(Pig. 27) 

5086-H32 

15X  Lead  Slllco  Chromate 

63 

9 

64  (Pig. 33)  6.7 

66  6.7 

430 

11 

25X  Load  Slllco  Chromate 

68 

9 

69  7.5 

71  7.5 

451 

II 

15X  Barium  Meta  Borate 

73 

9.5 

74  6.7 

76  6.7 

432 

II 

25X  Barium  Mata  Borate 

78 

9.5 

79  6.7 

81  6.7 

457 

5456-H321 

15X  Yellow  Iron  Oxide 

103 

9 

104  6.7 

106  6.7 
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Table  6  (Cont.) 


Panel 

Aluminum 

Experimental  Coating 

Performance  Ratine*  at  Scribe 

No. 

Alloy 

Total  PVC  -  35Z 

3  Months 

Scribe  No.  6  Months 

458 

5456-8321 

25X  Yellow  Iron  Oxide 

108 

9.3 

109 

6.7 

111 

7.5 

459 

It 

15Z  Organokrome 

113 

10 

114 

7.5 

116 

9 

460 

25X  Organokrome 

118 

9.8 

119 

9.8 

121 

9 

461 

15X  Zinc  Oxide 

123 

8.5 

124 

6.7 

126 

5 

462 

*1 

25X  Zinc  Oxide 

128 

7.5 

129 

9 

131 

9 

463 

15X  Red  lead 

133 

5 

134 

2.5 

136 

2.5 

464 

*1 

25X  Red  Lead 

138 

3.3 

139 

2.5 

141 

2.5 

465 

H 

15X  Zinc  Dust 

143 

9 

144 

6.7 

146 

6.7 

466 

II 

25X  Zinc  Dust 

X 

8 

148 

6.7 

150 

6.7 

467 

M 

45X  Zinc  Dust 

152 

9 

153 

6.7 

155 

5 

475 

5086-832 

1.  M1L-C-5541  Chrome  Treat- 

195 

0 

196 

2.5 

ment 

198 

5 

2.  5X  Strontium  Chromate 

476 

5456-8321 

Same 

200 

3.3 

201 

0 

203 

0 

477 

6061-T6 

Same 

206 

9.9 

207 

9 

209 

7.5 

484 

II 

MIL-P-23377  (12X  Stron- 

241 

9.9 

242  (Fig. 34) 

7.5 

(Fig.  28) 

tlum  Chromate,  Total 

244 

7.5 

PVC  -  27X) 

474 

5456-8321 

MIL-P-23377  (12Z  Stron- 

190 

6.7 

191 

5 

tlum  Chromate,  Total 

193 

5 

PVC  -  27X) 

485 

6061-76 

Coemerdal  Epoxy  Lead 

246 

8.5 

247  (Fig. 35) 

6.7 

(Fig.  29) 

Slllco  Chromate 

249 

5 

♦Rating  of  Scribe:  0  -  Scribe 
Seal*  0-10 ;  10  »  No  corroalon 


completely  filled  with  white  corrosion  products, 
products  -  bright  metal. 


147 


148 


FIC.  3  -  EXFOLIATION  COUtOSICB  OF  S454-H321  TIC.  4  -  ALUM.  ALLOYS  SUBJECTED  TO  ONE  WE 

ALUM.  HULL  SECTION.  (OFFICIAL  U.S.  «AVY  SEAWATER-ACETIC  ACID  TEST.  (OFFICIAL  U.S 


FIG.  7  -  ALUM.  ALLOYS  UMERSED  IN  THE  OCEAN- X  BAYS  FIG.  •  -  ALUM.  ALLOYS  UMEXSED  IN  THE  OCEAN- X  DAYS 

IN  THE  DANK.  (OFFICIAL  U.S.  NAVY  PHOTOGRAPH)  IN  THE  DARK  -  CALVANIC  CORROSION.  (OFFICIAL  U.S. 
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FIG.  11  -  FITTING  CORROSION  RESULTING  UNDER  BARNACLE  FIG.  12  -  CLOSE-UP  SHOWING  FITTING  COUOSTION  OF  6061-T* 

DUE  TO  OXYGEN-CONCENTRATION  CELL.  (OFFICIAL  U.S.  ALUM.  IN  SYNTNZTIC  SEAWATER  -  11  MTS.  (OFFICIAL  U.S. 

NAVY  PHOTOGRAPH)  NAVY  PHOTOGRAPH) 
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nc.  15  -  Aim.  ALLOT  6061-T6  inn  33  HATS  Dfttn-  ns.  16  -  ALUM.  ALLOT  6061-T6  Arm  33  DATS  D«OT 

Sion  U  HHn  SEAHATDl  WITB  AULA  ZIMC  CONNATE.  SIC*  I*  STOTHTTIC  SEAHATDt  WITH  KDLK  UB  CHROMAT 

(OfTlCLAL  U.S.  MATT  PHOTOCBAPB)  (OPTICLAL  D.S.  MATT  PHOTTWAPH) 
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FIG.  21  -  CONDITION  CAST  ALUM.  #356,  FIG.  22  -  CONDITION  CAST  ALUM.  #356, 

COATED  AND  SCSI  BED,  AFTER  18  MO'S  CYCLE  COATED  AND  SCRIBED,  AFTER  18  MO'S  CYCLE 

TEST  MIL-P-23236.  EPOXY,  BASIC  ZINC  TEST  HIL-P-23236.  EPOXY,  STRONTIUM 

CHROMATE.  25X  PVC  (PERFORMANCE  80Z  AND  CHROMATE,  25Z  PVC  (PERFORMANCE  95Z  AND 

90X)  (OFFICIAL  U.S.  NAVY  PHOTOGRAPH)  97X)  (OFFICIAL  U.S.  NAVY  PHOTOGRAPH) 


FIG.  23  -  CONDITION  CAST  ALUM.  #556,  FIC.  24  -  CONDITION  CAST  ALUM.  #356, 

COATED  AND  SCRIBED,  AFTER  18  MO'S  CYCLE  COATED  AND  SCRIBED,  AFTER  18  MO'S  CYCLE 

TEST  MIL-P-23236.  EPOXY,  ASBESTINE  3X,  TEST  MIL-P-23236.  FORMULA  #117  (MIL- 

252  PVC  (PERFORMANCE  -  OX  AND  602)  P-15328)  (PERFORMANCE  -  402  AND  802) 

(OFFICIAL  U.S.  NAVY  PHOTOGRAPH)  (OFFICIAL  U.S.  NAVY  PHOTOCRAPH) 
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I 


FIG.  25  -  CONDITION  6061-T6  (#437)  COATED 
SCRIBED,  3  AND  6  MO’S  IN  23236.  SCRIBE  #2 
(101)  -  3  MO,  RATING  9.8.  SCRIBE  #3  (102) 
RATING  3.3  (2-1/2Z  STRONTIUM  CHROMATE) 
(OFFICIAL  U.S.  NAVY  PHOTOGRAPH) 


COATED-SCRIBED,  3  AND  6  MO'S  IN  23236. 
SCRIBE  #63.  3  MO  RATING  9.  SCRIBE  #64 
(110)  6  MO'S  RATING  6.7.  (15Z  LEAD 


SILICO  CHROMATE)  (OFFICIAL  U.S.  HAVY 
PHOTOGRAPH) 


FIG.  26  -  CONDITION  6061-T6  (#442)  COATED 
SCRIBED,  3  AND  6  MO'S  IN  23236.  SCRIBE  #27 
(B)  3  MO,  10  RATINC.  SCRIBE  #28  (C,  11) 

6  MO'S  10  RATINC  (25Z  PVC  STRONTIUM  CHRO¬ 
MATE).  (OFFICIAL  U.S.  NAVY  PHOTOCRAPH) 


FIC.  28  -  CONDITION  OF  6061-T6  (484), 
COATED-SCRIBED,  3  AND  6  MO'S  IN  23236. 
SCRIBE  #241,  3  MO  RATING  9.9.  SCRIBE 
#242  (121)  6  MO  7.5  RATING.  (12Z  PVC 
STRONTIUM  CHROMATE,  MIL-P-23377) 
(OFFICIAL  U.S.  NAVY  PHOTOCRAPH) 
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FIG.  29  -  CONDITION  OF  6061-T6.  COATED- SCRIBED 
3  AND  6  NO  IN  23236,  SCRIBE  #246,  3  MO  RATING 
8.S.  SCRIBE  #247  (122)  6  MO  RATING  6.7  (COM¬ 
MERCIAL  EPOXY,  LEAD  SILICO  CHROMATE). 


FIC.  31  -  CONDITION  OF  b061-T6,  COATED- 
SCRIBED,  6  MO's  IN  23236,  C3  (102)  6  MO'S 
3.3  RATING  (2-1/2%  I'VC  STRONTIUM  CHROMATE) 
(OFFICIAL  U.S.  NAVY  PHOTOGRAPH) 


FIG.  30  -  CONDITION  OF  6061-T6,  COATED-SCRIBED 
6  MO'S  IN  23236.  SCRIBE  AREA  100  PERFORMANCE 
2.5  RATING  (MIL-P-24441  SYSTEM  -  1  COAT  EACH 
150,  151  AND  152)  (OFFICIAL  U.S.  NAVY  PHOTOGRAPH) 


FIC.  32  -  CONDITION  OF  6061-T6,  COATED-SCRIBED 
6  MO  IN  23236,  SCRIBE  #28  (II).  6  MO  10  RATING. 
(25%  PVC  STRONTIUM  CHROMATE)  (OFFICIAL  U.S. 

NAVY  PHOTOGRAPH) 
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Oral  Discussion 

Carson ;  Have  you  ever  tried  aluminum  pigmented  vinyl  as  an  anti-corrosive? 

Saroyan ;  We  are  trying  it  in  the  U.S.  Navy  now,  yes,  not  only  on  panels 
but  on ships. 
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Corrosion  Prevention  with  Thermal  Sprayed  Zn  t  A1  Coatings 

American  Welding  Society  Committee  on  Thermal  Spraying 

c/o  Longo,  F.  N.  and  Durmann,  G.  J. 

METCO,  Inc. 

1101  Prospect  Ave. 

Westbury,  N.  Y.  11590 

This  paper  presents  the  results  of  eighteen  years  testing,  under¬ 
taken  by  the  American  Welding  Society,  to  evaluate  flame  sprayed 
zinc  and  aluminum  coatings,  sealed  and  unsealed,  applied  to  low 
carbon  steel. 

Panels  were  exposed  to  sea  water  at  mean  tide  and  below  low  tide 
levels  at  two  different  locations.  Panels  were  also  exposed  to 
atmospheric  conditions  at  six  different  locations  including  rural, 
industrial,  salt  air  and  salt  spray  environments. 

The  results  indicate  that  low  carbon  steel  can  be  protected  from 
the  corrosive  effects  of  these  environments  for  eighteen  years 
or  more  by  the  application  of  flame  sprayed  zinc  or  aluminum 
coatings. 


Introduction 

This  paper  reports  the  results  of  an  eighteen  year  study  of  the  corrosion  protection 
afforded  by  wire  flame  sprayed  aluminum  and  zinc  coatinqs  applied  to  low-carbon  steel.  The 
program  was  initiated  in  July  1950  by  the  Cosmittee  on  Metallizing  of  the  American  Weldinq 
Society  (now  the  Committee  on  Thermal  Spraying).  The  first  panels  were  exposed  in  January, 
1953.  This  report  is  a  presentation  of  the  results  of  an  inspection  of  the  metallized 
coated  steel  panels  made  after  all  panels  had  been  exposed  for  eiqhteen  years. 

Originally,  exposure  periods  of  1,  3,  6  and  12  years  were  scheduled.  At  the  end  of  each  of 
the  above  periods,  a  complete  set  of  panels,  consisting  of  three  identical  panels  of  each 
type,  was  to  be  removed  from  the  exposure  racks  for  laboratory  examination.  At  the  same 
time,  the  panels  of  each  type  remaininq  on  site  were  to  be  inspected  and  their  condition 
recorded.  However,  early  inspections  indicated  that  nearly  all  coatinqs  would  last  for 
more  than  twelve  years,  at  all  exposure  sites.  Accordinqly,  the  panels  scheduled  for 
removal  at  six  years  were  left  on  exposure  for  twelve  years,  and  the  twelve  year  set  was 
left  exposed  for  eiqhteen  years.  Results  of  the  6  year  and  12  year  inspections  are  reported 
in  AWS  publications  C2.8-62  and  C2. 11-67  respectively. 

The  initial  program  details  discussed  here,  with  minor  deletions,  were  taken  directly  from 
the  AWS  12  year  report  C2. 11-67. 


Test  Sites 

Test  sites  were  selected  to  provide  a  wide  variety  of  environmental  conditions.  These 
exposure  sites  and  the  exposure  dates  for  the  panels  in  this  program  are  listed  in  Appendix 
1.  All  sites  are  recognized  ASTM  test  areas.  No  really  mild,  rural  exposures  were  in¬ 
cluded!  some  degree  of  atmospheric  contamination,  either  saline  or  industrial,  exists  at 
all  sites.  Sea  water  tests  include  full  and  half-tide  immersion  in  quiet  sea  water,  and  full 
immersion  in  flowing  sea  water  (approximately  3  knots). 
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Test  panels  for  ataospheric  exposure  are  Mounted  on  racks  in  a  position  which  is  30  degrees 
froa  the  horizontal . 

Panels  for  sea  water  imersion  are  Mounted  in  a  vertical  position. 

Test  Panels 

Test  panels  were  made  of  low-carbon  steel  sheet  (carbon  -  0.08  percent,  sumganese  -  0.30 
percent,  phosphorus  -  0.008  percent,  sulfur  -  0.03  percent,  silioon  -  0.003  percent, 
copper  -  0.30  percent).  The  sices  of  steel  panels  for  ataospheric  and  sea  water  exposure 
were  4  x  6  x  1/8  in.  (102  x  1S2  x  3.2m)  and  4  x  12  x  1/8  in.  (102  x  30S  x  3.2m)  respec¬ 
tively. 

The  aluminum  and  zinc  wire  flame  sprayed  coating  thicknesses  for  atmospheric  exposure  tests 
were  0.003  ,  0.006  ,  0.009  ,  0.012  and  0.015  inches  (.08  ,  0.15  ,  0.23  ,  0.34  and  0.41m).  In 
addition  to  these,  a  coating  thickness  of  0.018  in.  (0.49m)  was  included  in  the  sea  water 
exposure  tests. 


Panel  Preparation 

The  as-supplied  panels  were  hot  rolled  steel  which  had  been  pickled  to  remove  mill  scale. 
Surfaces  were  inspected  and  panels  showing  gross  defects  were  rejected. 

The  panels  were  then  thoroughly  blast  cleaned  using  a  forced-feed  blast  generator  and  a 
minimum  pressure  of  90  psi  (620  Kg/m2)  at  the  generator  with  the  types  and  mesh  sizes  of 
abrasives  as  shown  in  Appendix  2. 

The  flaae  spraying  operation  was  done  on  a  special  automatic  machine  on  which  36  panels 
were  flaaw  sprayed  at  one  time.  The  speeds  of  rotation  and  traverse  of  both  panels  and 
wire  flaae  spray  gun  across  the  surface  were  automatically  controlled  in  order  to  obtain 
uniform! ty  of  coating  thickness. 

Three  types  of  wire  were  used: 

1.  1/8  in.  (3.2m)  dia.  aluminum  -  99.0  percent  min.  purity 

2.  1/8  in.  (3.2m)  dia.  zinc  -  99.9  percent  min.  purity 

3.  1/8  in.  (3.2m)  dia.  steel,  SAE  1010  grade*  carbon  -  0.08/0.12  percent,  phosphorus  - 
0.04  percent  sax.,  sulfur  -  0.05  percent  max. 

The  steel  wire  was  used  for  a  flash  bonding  coat  on  some  specimens ,  and  was  applied  auto¬ 
matically  to  a  thickness  of  0.001  inches  (,03m).  This  bonding  coat  is  not  considered  as 
part  of  the  coating  thickness. 

Sealing  treatments ,  where  used,  were  applied  by  spraying.  Appendix  3  shows  the  composition 
of  the  sealing  materials.  These  formulations  were  thinned  sufficiently  to  insure  good 
penetration  and  were  applied  sparingly.  The  purpose  was  to  fill  the  surface  and  subsurface 
pores  of  the  sprayed  aetal,  rather  than  to  overcoat.  By  actual  measurements  the  sealers 
used,  added  little  or  nothing  to  the  coating  thickness. 

The  types  of  aluminum  and  zinc  coated  panels  are  listed  in  Appendices  4  and  5i  Types  14  to 
28,  inclusive,  were  included  in  order  to  determine  the  effect  of  preparation  of  the  steel 
on  the  life  of  the  coating.  All  of  these  panels  had  a  coating  thickness  of  .009  in.  (0.23m) 
and  are  located  at  only  two  of  the  tests  sites:  Kure  Beach,  North  Carolina  (80-ft.  (24m) 
lot)  for  ataospheric  exposure  and  Wrightsville  Beach,  North  Carolina  (mean  tide)  for  sea 
water  exposure. 


Conclusions 

1.  Aluminum  coatings  .003  in.  to  .006  in.  (.08m  to  .15m)  both  sealed  and  unsealed  give 
complete  base  aetal  protection  from  corrosion  in  sea  water,  and  also  in  severe  marine 
and  industrial  atmospheres. 
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2.  Unsealed  cine  coatings  require  .012  in.  (.34nn)  for  complete  protection  in  sea  water 
for  eighteen  years.  In  severe  marine  and  industrial  atmospheres  .009  in.  (.23mm)  of 
unsealed  zinc  or  .003  in.  to  .006  in.  (.08mm  to  .  15mn)  of  sealed  zinc  are  needed  for 
eighteen  years  protection. 

3.  The  application  of  one  coat  of  wash  primer  plus  one  or  two  coats  of  aluminum  vinyl 
enhances  the  appearance  and  extends  the  life  of  aluminum  and  zinc  coatings. 

4.  Thin  coats  of  aluminum  perform  better  because  they  have  less  tendency  to  develop  pits 
and  blisters. 

5.  The  corrosion  protection  afforded  by  zinc  and  aluminum  coatings  is  not  affected  by 
method  of  steel  preparation.  Specifically,  a  steel  flash  is  not  essential  as  a  bond 
coat. 

6.  The  use  of  flame  sprayed  aluminum  and  zinc  coatings  must  be  considered  as  a  means  to 
extend  the  life  of  iron  and  steel  structures  and  thereby  help  to  conserve  these  natural 
resources . 

Results 

The  following  results  are  divided  into  three  separate  sections : 

1.  Sea  Water  Exposure  -  Total  Immersion  t  Mean  Tide 

2.  Marine  Atmosphere 

3.  Industrial  Atmosphere 

It  should  be  kept  in  mind  that  these  results  pertain  primarily  to  the  overall  general 
condition  of  the  test  panels  at  each  of  the  above  three  types  of  exposure  sites. 

SEA  WATER  EXPOSURE  -  TOTAL  IMMERSION  t  MEAN  TIDE 


Wriqhtsville  Beach.  North  Carolina  -  Mean  Tide 


Aluminum  Coated  Panels 

Unsealed  aluminum  coated  panels  at  this  site  show  a  few  blisters  which  originate  at  the 
coatingi  steel  interface.  The  heavier  the  coating  the  larqer  the  blisters,  in  some 
cases  5/16  in.  (8mm)  diameter.  In  those  cases  where  a  blister  has  broken  open,  the 
exposed  steel  is  relatively  free  of  corrotion.  A  layer  of  iron  oxide  is  present  but 
no  measurable  loss  of  steel  is  evident.  While  the  aluminum  surrounding  these  broken 
blisters  probably  contributed  to  the  protection  of  the  steel  there  is  no  significant 
evidence  of  corrosion  of  the  aluminum.  See  Fig.  1  for  the  typical  aluminum  structure. 
Scraping  the  aluminum  surface  presents  a  bright,  metallic  lustre. 


All  vinyl  sealed  panels  are  in  excellent  condition  including  those  which  were  coated 
with  only  .003  in.  (.08mm)  of  aluminum.  See  Fig.  2.  A  few  small  blisters  are  present 
on  some  of  the  sealed  panels  but  considerably  smaller  than  on  the  unsealed  aluminum 
panels.  Breaking  open  these  blisters  reveals  typical  voluminous  aluminum  corrosion 
products  and  a  thin  layer  of  rust  on  the  steel.  No  measurable  loss  of  steel  is  evident. 
This  is  also  true  where  the  coatings  were  mechanically  damaged  at  the  edges  by  the 
ceramic  mounting  insulators.  Areas  as  large  as  1/2  in.  (13mm)  X  1/8  in.  (3mm)  of 
exposed  steel  show  no  significant  loss  of  steel.  No  progressive  corrosion  of  the 
aluminum  surrounding  these  areas  is  evident. 

There  is  no  noticeable  difference  in  coating  performance  as  a  function  of  the  variations 
in  surface  preparation  methods  tested  (see  Appendix  2). 


Zinc  Coated  Panels 


All  unsealed  zinc  coated  panels  of  less  than  0.012  in.  (.34mm)  in  coating  thickness  have 
failed.  The  0.012  in.  (.34iran),  0.015  in.  (.41nm)  and  0.018  in.  (.49mm)  thick  unsealed 
zinc  coatings  show  little  or  no  rust  but  the  coatings  have  been  almost  completely  con¬ 
verted  to  corrosion  product.  See  Fig.  3. 


Chlorinated  rubber  sealers  on  zinc  did  not  perform  satisfactorily.  The  steel  is  deeply 
pitted  where  coatings  have  failed,  and  the  appearance  indicates  that  the  residual  zinc 
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corrosion  product  has  become  cathodic  to  the  exposed  steel.  There  is  no  evidence  to 
show  that  there  is  any  difference  in  coating  performance  as  a  result  of  the  surface 
preparation  methods  tested. 

Mriqhtsvllle  Beach.  Worth  Carolina  -  Total  Issaeralon 
Aluminum  Coated  Panels 


Unsealed  aluminum  coatings  at  this  site  appear  to  blister  slightly  more  than  those  at 
the  mean  tide  level.  The  steel  is  still  being  protected,  even  where  the  blisters  have 
broken  open,  as  in  the  case  of  the  aluminum  coated  panels  exposed  at  the  mean  tide  level. 

The  vinyl  sealed  panels  are  in  excellent  condition,  showing  a  few  small  unbroken 
blisters.  The  coatings  on  these  panels  are  in  a  condition  similar  to  aluminum  sealed 
panels  exposed  at  the  mean  tide  level. 

Zinc  Coated  Panels 


The  performance  of  sine  coatings  in  this  exposure  is  very  similar  to  those  exposed  at 
the  mean  tide  level. 

Zinc  coatings  sealed  and  unsealed,  less  than  0.012  in.  (.34mn)  thick  have  failed.  Zinc 
coatings  of  0.012  in.  (.34ssn) ,  0.015  in.  (.41sss)  and  0.018  in.  (.49mm)  sealed  and  un- 
sealed  have  protected  the  base  metal,  but  it  appears  that  the  zinc  has  been  converted 
to  corrosion  products.  See  Fig.  3.  This  tightly  adherent  mixture  of  white  rust  and 
foulants  appears  to  be  providing  the  corrosion  protection  to  the  base  metal.  All  panels 
which  have  failed  are  very  deeply  pitted. 

Sea  water  Exposure  -  Freeport,  Texas 

Panels  at  this  site  were  lost  in  a  hurricane.  The  only  documented  test  information  available 
at  this  site  can  be  obtained  by  reference  to  the  AMS  Twelve  Year  Report.  AMS  C2. 11-67. 

NARINE  ATMOSPHERE 

Kure  Beach,  North  Carolina  80-ft.  (24m)  Lot 

At  this  site  the  specimens  face  the  surf  in  a  south  easterly  direction  at  an  average 
distance  of  80-feet  (24m)  from  the  normal  mean  tide  level,  exposing  them  to  the  Atlantic 
Ocean's  spray,  salt  air  and  the  weather. 

Aluminum  Coated  Panels 

All  unsealed  panels  have  a  dull  gray-brown  blotchy  appearance,  with  evidence  of  blistering 
of  the  aluminum  in  thicknesses  greater  than  .003  in.  (.08mm).  Unsealed  .006  in.  (.15nin) 
thick  panels  have  approximately  6-20  blisters,  per  sq.  inch,  less  than  1/8  in.  (3.2nm) 
diameter.  Unsealed  aluminum  panels  .009  in.  (.23nn)  thick  have  over  20  blisters  per  sq. 
inch  up  to  1/8  in.  (3.2ran)  diameter.  Blisters  do  not  appear  to  be  as  prevalent  on  the 
groundward  surfaces. 

One  coat  of  aluminum  vinyl  sealer  on  .003  in.  (.08mm)  of  alirniinum  appears  slightly  duller 
than  two  coats.  Aluminum  vinyl  sealed  panels  seem  to  be  in  excellent  condition,  See 
Fig.  4.  There  is  evidence  of  a  few  blisters  in  coatings  thicker  than  .003  in.  (.08sm) 
sealed  with  one  and  two  coats  of  aluminum  vinyl.  The  groundward  side  of  these  panels  have 
a  slightly  blotchy  appearance  but  no  evidence  of  any  blisters  of  metal. 

No  difference  in  general  appearances  or  tendency  to  blister  could  be  observed  as  a 
function  of  surface  preparation  method. 
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Zinc  Coated  Panels 


Zinc  coatings  .003  in.  (.08mm)  unsealed,  exhibited  heavy  rusting  of  the  base  metal. 

See  Fig.  S. 

Aluminum  vinyl  sealer  has  completely  deteriorated  on  the  .003  in.  (.08mm)  zinc  with 
rusting  of  the  base  at  the  edges  and  encroaching  on  the  faces.  Both  skyward  and  ground- 
ward  surfaces  are  covered  with  white  rust.  Unsealed  .006  in.  (.15mm)  zinc  are  exhibiting 
rusting  of  the  base  metal  at  the  edges  with  the  flat  surfaces  covered  with  small  nodes 
of  heavy  white  rust. 

Zinc  coatings  sealed  with  chlorinated  rubber  are  similar  in  appearance  to  unsealed  zinc. 

Unsealed  coatings  of  zinc  .009  in.  (.23mm)  or  greater  are  covered  with  many  small  nodes 
of  white  rust  with  no  evidence  of  the  base  material  rusting. 

The  aluminum  vinyl  is  gone  from  the  skyward  surface  of  most  of  the  panels  to  which  it 
was  applied.  Heavy  white  rust  is  evident.  The  groundward  surfaces  have  very  little 
evidence  of  aluminum  vinyl  remaining. 

The  fact  that  the  aluminum  vinyl  sealer  has  deteriorated  completely  on  the  zinc  panels 
in  this  severe  marine  atmosphere  appears  to  justify  the  decision  not  to  use  the  vinyl 
sealer  on  the  sea  water  test  panels.  Early  laboratory  tests  with  vinyl  sealed,  zinc 
coated  panels  exposed  in  the  sea  waters  off  Long  Island,  N.  Y.  indicated  failure  of  the 
vinyl  as  a  sealer  for  zinc.  This  may  be  a  function  of  the  chloride  ion  since  vinyl 
sealed  zinc  has  performed  very  well  in  the  industrial  atmospheres  where  there  are  less 
chlorides  available. 

No  difference  in  the  condition  of  panels  as  a  function  of  surface  preparation  method  is 
apparent. 

Kure  Beach.  North  Carolina  800-ft.  (245m)  Lot 
Aluminum  Coated  Panels 


All  panels  are  in  excellent  condition  at  this  site.  See  Fig.  s.  Unsealed  aluminum  panels 
.003  in.  (.OBirm)  thick  are  light  gray  in  color  on  the  skyward  surface  with  a  slightly 
darker  gray  stain  and  some  light  rust  staining  on  the  groundward  surface.  No  rust 
staining  is  evident  on  the  heavier  unsealed  aluminum  coatings. 

All  aluminum  vinyl  sealed  panels  are  excellent.  Those  with  one  coat  of  sealer  have  a 
dark  mottled  appearance  over  95%  of  the  skyward  surface  while  those  with  two  coats  have 
the  mottled  appearance  on  20  -  25%  of  the  area.  The  groundward  surfaces  have  their 
original  appearance. 

Zinc  Coated  Panels 


The  .003  in.  (.08mm)  unsealed  zinc  panels  are  dark  blue  in  color  with  horizontal  stripes 
of  white  rust  that  appear  to  conform  to  the  spray  pattern.  See  Fig.  5.  This  condition 
is  apparent  on  both  surfaces  with  the  groundward  surface  having  a  slightly  darker  blue 
color . 

The  one  coat  of  aluminum  vinyl  sealer  on  the  .003  in.  (.08mm)  zinc  has  10  -  20%  of  the 
skyward  surface  appearing  mottled,  with  a  few  pinpoint  blisters  of  the  aluminum  vinyl. 
Groundward  surfaces  are  in  very  good  condition  with  the  exception  of  one  panel  that  has 
approximately  5%  deterioration  of  the  sealer.  The  chlorinated  rubber  sealer  has  long 
since  disappeared  leaving  those  panels  very  similar  to  the  unsealed  panels  with  slightly 
less  evidence  of  the  horizontal  striping. 
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Panels  with  coating  thickness  greater  than  .003  in.  (.08mm)  appear  to  have  absorbed  the 
aluminum  vinyl  sealer  to  a  greater  degree  than  the  .003  in.  (.08m).  The  groundward 
surfaces  are  in  very  good  condition.  There  is  no  evidence  of  rusting  of  the  base  metal 
on  any  of  the  panels  in  the  800-ft.  (245m)  lot. 

Brazos  River,  Texas 

Aluminum  Coated  Panels 

This  test  site  cannot  be  considered  a  very  severe  marine  atmosphere.  All  panels  are  in 
very  good  condition  with  no  evidence  of  the  base  metal  corroding.  All  panels  have  a 
light  tan  discoloration  which  appears  to  be  the  color  of  the  dust  in  the  area.  The 
groundward  surfaces  of  unsealed  aluminum  in  the  .006  in.  to  .015  in.  (.15nm  to  .41mm) 
types  show  some  evidence  of  blisters  which  is  not  apparent  on  the  skyward  surfaces.  The 
.003  in.  (.08mm)  aluminum  panels,  unsealed,  had  no  evidence  of  blistering  on  either  side. 
The  aluminum  vinyl  sealer  has  developed  a  blotchy  appearance  on  most  of  the  panels.  Vinyl 
sealed  .003  in.  (.OSnrnt)  aluminum  is  in  excellent  condition  with  the  groundward  surface 
having  an  as  new  appearance.  Panels  in  the  .009  in.  to  .012  in.  (.23mn  to  .  34mm)  groups 
with  one  coat  of  aluminum  vinyl  ha”e  developed  a  blotchy  appearance  on  the  groundward 
surface.  Those  with  two  coats  of  vinyl  sealer  are  excellent. 

Zinc  Coated  Panels 


Zinc  coated  panels  at  this  site  are  in  good  condition.  A  tan  discoloration  on  all  panels 
is  particularly  evident  at  the  edges.  There  is  no  evid  ;nce  of  the  base  metal  rusting. 
Unsealed  zinc  panels  have  taken  on  a  light  blue  color. 

The  aluminum  vinyl  sealer  shows  some  deterioration,  as  much  as  25%  of  the  skyward  surface 
on  some  of  the  panels,  with  zinc  corrosion  products  evident.  The  qroundward  side  of  tne 
panels  sealed  with  aluminum  vinyl  is  in  good  condition. 

Panels  sealed  with  chlorinated  rubber  are  similar  in  appearance  to  the  unsealed  panels 
except  that  a  horizontal  striping  effect  is  more  evident.  There  is  no  evilenc-  of  any 
chlorinated  rubber  remaining. 

Point  Reyes,  California 

Aluminum  Coated  Panels 

Unsealed  aluminum,  .003  in.  (.08nm),  have  developed  a  black  discoloration  over  25  -  75% 
of  the  skyward  surfaces,  with  no  evidence  of  nodes  or  blisters.  The  qroundward  surfaces 
have  a  slight  rust  stain  evident.  Heavier  coatings  of  unsealed  aluminum  are  liqhter  and 
do  not  have  as  much  discoloration. 

All  panels  sealed  with  one  coat  of  aluminum  vinyl  have  a  mottled  appearance,  while  those 
with  two  coats  are  excellent. 

There  is  no  evidence  of  rusting  of  the  base  on  any  of  the  panels. 

Zinc  Coated  Panels 


Unsealed  zinc  panels  have  a  blue  color  on  the  skyward  surfaces  with  the  familiar  hori¬ 
zontal  stripes  more  evident  on  the  .003  in.  (.08mm)  than  on  heavier  coatings.  The  ground- 
ward  surfaces  on  all  unsealed  panels  are  a  dark  blue  color. 

The  .003  in.  (.08mm)  zinc  panels  sealed  with  one  coat  of  aluminum  vinyl  exhibit  blistering 
of  the  sealer  5-10%  on  the  skyward  surfaces.  The  remaining  area  is  bright  and  in  ex¬ 
cellent  condition.  It  is  apparent  that  the  aluminum  vinyl  sealer  is  deteriorating  to 
a  greater  extent  on  the  heavier  coatings  of  zinc  than  on  thinner  coatings.  This  deteri¬ 
oration  is  accompanied  by  corrosion  of  the  zinc.  Since  heavier  coatings  absorb  more, 
two  coats  of  vinyl  sealer  would  be  in  order. 
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Panels  sealed  with  chlorinated  rubber  have  a  tan  discoloration,  a  combination  of  tine 
corrosion  product  and  deteriorated  sealer.  This  is  crue  of  both  surfaces. 

INDUSTRIAL  ATMOSPHERE 

New  York  City  Area  (Kearny,  New  Jersey) 

Aluminum  Coated  Panels 

Unsealed  .003  in.  (.08m)  aluminum  coatings  show  many  nodes  of  corrosion  on  the  skyward 
surface  that  are  black  in  color  due  to  retained  contamination.  The  groundward  surface  is 
gray  to  black  in  color  with  som  indication  of  nodular  corrosion.  No  rusting  of  the  base 
is  evident. 

Unsealed  .008  in.  (.ISm),  .009  in.  (.23maO,  and  .012  in.  (.34m)  aluminum  coatings  show 
heavy  blistering  of  aluminum  on  the  skyward  surface.  The  groundward  surfaces  exhibit  nod¬ 
ular  type  corrosion. 

Aluminum  vinyl  sealed  coatings  show  evidence  of  a  few  scattered  nodes  of  corrosion  product 
on  the  skyward  surface  of  the  .003  in.  (.08m)  panels.  Heavier  coatings  show  indications 
of  a  few  scattered  blisters.  Groundward  surfaces  are  all  excellent. 

All  coating  thicknesses  sealed  with  two  coatc  of  aluminum  vinyl  are  in  excellent  condition 
on  both  surfaces. 

Zinc  COated  Panels 

Unsealed  .003  in.  (.08mm)  sine  coatings  failed  completely  on  the  skyward  surface  and  ap¬ 
proximately  75%  of  the  groundward  surface.  The  .003  in.  (.08mm)  sine  coatings  sealed  wit 
chlorinated  rubber  also  failed  completely  on  the  skyward  surface  and  about  10%  on  the 
groundward  surface.  Zinc  coatings  .003  in.  (.OBimn)  sealed  with  aluminum  vinyl  are  in  ex¬ 
cellent  condition  and  appear  brighter  and  cleaner  than  aluminum  with  the  equivalent  amount 
of  sealer.  It  is  interesting  to  note  that  the  vinyl  is  in  better  condition  on  the  .003  in 
( .Oflnrni)  coatings  than  on  the  heavier  zinc  coatings  where  it  has  deteriorated  10-30%  in 
some  cases.  This  is  probably  because  .003  in.  (.08mm)  coatings  are  smoother  and  do  not 
absorb  as  much  sealer  as  the  heavier  coatings. 

Unsealed  .006  in.  (.15mm)  zinc  coatings  exhibit  some  rusting  on  the  skyward  surface  and 
less  on  the  groundward  surface.  Unsealed  .009  in.  (.23mn)  and  .012  in.  (.34mm)  coatings 
are  blue  in  color  with  some  deposit  staining.  No  rusting  of  base  metal  evident. 

Columbus.  Ohio 

Aluminum  Coated  Panels 

All  unsealed  sprayed  aluminum  panels  have  a  black  nodular  type  of  corrosion  product  witl 
the  size  of  the  nodule  inc-.asing  with  the  thickness  of  coating.  There  is  no  evidence  of 
the  base  metal  corroding.  Panels  sealed  with  one  coat  of  aluminum  vinyl  arc  beginning  to 
show  some  indications  of  these  black  nodes  forming.  Panels  with  two  coats  of  aluminum 
vinyl  sealer  are  in  excellent  condition. 

Zinc  Coated  Panels 

Unsealed  .003  in.  (.08mm)  zinc  coated  panels  lost  approximately  90%  of  the  zinc  on  t!<  I. 
ward  surfaces  and  the  base  metal  is  rusting.  Edges  also  show  rusting.  The  groundward 
side  of  the  panels  is  covered  with  white  rust  that  appears  stained  with  red  rust.  All  cn 
coated  panels  sealed  with  aluminum  vinyl  are  in  good  condition.  ne  jianel  in  each  of  1 1.< 
.006  in.  (.15mm)  and  .009  in.  (.23mm)  group,  sealed  with  aluminum  vinyl,  is  exhibiting  i 
5-10%  deterioration  of  the  sealer  with  some  white  rust  evident.  Unsealed  .006  in.  (.15mmi 
panels  show  some  red  rust  at  the  edges  of  the  identifying  notches.  Some  black  nodes  n. 
evident  wh.-ch  are  probably  white  rust  with  deposit  stain. 

East  Chicago,  Indiana 
Aluminum  Coated  Panels 

This  is  a  very  heavy  industrial  environment  with  all  panels  having  a  dark  brown  disc<  1  r- 
ation.  All  unsealed  aluminum  panels  of  .006  in.  (.15mm)  or  more  have  evidence  of  111  t.i 
of  the  aluminum  on  the  skyward  surfaces.  Unsealed  aluminum  .003  n.  (.ORnm)  lias  i  r»r . 
nodular  type  of  corrosion  on  the  skyward  surface  with  less  evidence  of  aluminum  coirosi:  i 
on  the  groundward  surface.  Aluminum  vinyl  sealed  panels  have  a  verv  heavy  deposi t  stain 
on  both  surfaces.  Two  coats  of  aluminum,  vinyl  appear  slightly  better  than  one  coat.  ’* 
corrosion  of  the  sprayed  aluminum  is  evident. 

Zinc  Coated  Panels 

Sprayed  zinc  panels  sealed  with  aluminum  vinyl  arc  in  very  good  condition  with  son.  I 
staining  on  the  vinyl  sealer. 


Test  Sit*  Data 


Test  sit*  and  Environment 

No.  Of 

Panels 

Date  Exposed 

Atmospheric  Exposure 

Aluminum 

Zinc 

Brasos  River,  Texas  (salt  air) 

156 

156 

March  1954 

Columbus,  Ohio  (urban) 

120 

120 

November  1953 

East  Chicago,  Indiana  (industrial) 

Kur*  Beach,  North  Carolina 

120 

120 

November  1953 

*80-ft  (24m)  lot  (sever*  marine) 

336 

336 

January  1953 

••800-ft  (240m)  lot  (salt  air) 

156 

156 

January  1953 

New  York  City  Area  (industrial) 

120 

120 

November  1953 

Point  Reyes,  California  (salt  air) 

156 

156 

December  1953 

4x6  in. (102mm  x  152mm)  panels  reserved 

156 

156 

sea  Water  Exposure 

Freeport,  Texas 

wrightavill*  Beach,  North  Carolina 

156 

156 

October  1953 

below- low-tide 

156 

156 

October  1953 

swan-tide 

336 

336 

October  1953 

4  x  12  in.  (102am  x  305mm)  panels  reserved 

156 

156 

Total 

2)24 

2124 

•80-ft  (24a)  from  shoreline 
••800-ft  (240m)  from  shoreline 
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Appendix  2 


Types  of  Abrasive  Used  for 
Blast  Cleaning  Specimens  In  This  Test  Program* 


Types  of  Abrasive 

Mesh  Distribution 

Description 

Coarse  Silica  Sand 

Tyler  Screen  Sieve  Analysis 
*14  mesh  5% 

-14*20  *  48%  110% 

-20*28  *  40%  ±10% 

-28*35  "  10%  110% 

-35  *  5% 

Abrasive  is  washed 
angular  silica  sand, 
dry  and  free  of  feld¬ 
spar,  clay  or  other 
friable  constituents. 

Fine  Silica  Sand 

U.S.  Standard  Screen  Analysis 
*20  mesh  5% 

-20*30  “  67%  ±10% 

-30*40  *  24%  ±10% 

-40  M  10% 

Abrasive  is  washed 
angular  silica  sand, 
dry  and  free  of  feld¬ 
spar,  clay  or  other 
friable  constituents. 

Chilled  Iron  Grit 

Conforms  to  SAE  specification 
for  G-2S  angular  chiliad  iron 
grit. 

Abrasive  is  angular 
chilled  iron  grit. 

•Not* t  It  should  bs  noted  that  ths  precise  mesh  distributions  shown  would 
probably  not  be  obtainable  in  all  areas,  and  they  should  not  be 
used  for  specification  purposes. 
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Coapoai.ti.on  and  Deacrlptlon  of  Seal  Coat* 


Saal  Coat 

Compoaition 

Daacription 

Waah  Primer 

Raain  conponant  i 

An  air  drying. 

Pigment i  Inaolubla  typa,  inart. 

two-part,  acid-einc 

cine  chromate 

8.2% 

chroauta  waah  coat 

Nonvolatile  vahicloi  Polyvinyl 
butyral 

Volatile  vahicloi  Butyl  and 

9.5% 

priawr. 

iaopropyl  alcohol 

82.3% 

Acid  coaponant i 

Phoaphoric  acid 

Ethyl  (or  iaopropyl)  alcohol 

16.0% 

plua  vatar 

Balance 

Nix  four  porta  of  tho  rooin  component  with  on*  port  of  tho  acid  conponant  to  obtain 
final  priawr  compoaition. 


Aluminum  Vinyl 

Pigment i  Non-leafing 
aluminum  flake 

Nonvolatile  vehicle  t  Vinyl 
copolymer  and  plaaticicer 
Volatile  vehicle!  Toluene 
and  ketonea 

10% 

20% 

70% 

A  vinyl  copolymer 
aluminum  flakea, 
air-drying  type  of 
coating  material 

Claar  Vinyl 

Pigment i  None 

A  clear,  vinyl 

Nonvolatile  vehicle t  Vinyl 

copolymer,  air- 

chloride-acetate 

drying  coating 

Reain 

16% 

material . 

Plaaticicer 

1.4% 

Volatile  vehicle i  Ketonea 

37.6% 

Aromatic  hydrocarbon* 

(Toluene,  bencol,  xylol) 

45.0% 

Chlorinated  Rubber 

Solidai  Chlorinated  rubber  — 

A  clear,  air-dry- 

plua  two  type*  of  chlorinated 

ing,  chlorinated 

paraffine  plua  a  atabilicer 

34% 

rubber  type  coat- 

Solvent* s  Aromatic  petroleum 

ing  material 

aolvent* 

66% 

WP+AV-1 

WP+AV-2 

WP+AV-1 

WP+AV-2 

WP+AV-1 

WP+AV-2 


■  For  Atmospheric  Exposure 


Zinc  Flam*  Sprayed  Panola 
Coating 

Panel  *Panel  Thickness,  ••seal 

Preparation  in.  S  mm  Coat 


*  "  WP+AV-1 

"  "  WP+AV-2 

0. 015(0. 41am) 

0.009(0. 2 3am) 

"  "  WP+AV-1 

"  "  WP+AV-2 

N  N 

"  "  WP+AV-1 

"  "  WP+AV-2 

N  H 

"  "  WP+AV-1 

WP+AV-2 

H  N 

"  "  WP+AV-1 

"  WP+AV-2 

£  MW 

5  mm  WP+AV-1 

5  »M  WP+AV-2 


•Typea  of  Surface  Preparation 

1.  Coarae  ailica  sand 

2.  Coaraa  ailica  aand  and  steel  flash 

3.  Fine  silica  sand 

4.  Fine  ailica  sand  and  steel  flash 

5.  Chilled  iron  grit 

6.  Chilled  iron  grit  and  steal  flash 


0.003  (.08mm) 


0.006(0. 15mm) 


0. 009(0. 23im) 


0. 012(0. 34mm) 


0.015(0. 41mm) 
0.009  (0.23mm) 


WP+AV-1 

CF-2 

WP+AV-1 

CR-2 

WP+AV-1 

CR-2 

WP+AV-1 

CR-2 


WP+AV-1 

CR-2 

WP+AV-1 

CR-2 

WP+AV-1 

CR-2 

WP+r.7-1 

CR-2 

WP+AV-1 

CR-2 


•Types  of  Seal  Coat 
WP-Wash  Primer 
AV-Aluminum  Vinyl 
CR-Chlorinated  Rubber 
-1-One  Coat  Of  Specified  Seal  Coat 
-2-Two  Coats  Of  specified  Seal  Coat 
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Panel  Type*  For  Sea  water  Exposure 


Aluminum  Flame  Sprayed  Panels 

Coating 

Panel  *Panel  Thickness,  ••Seal 

Type  Preparation  in.  £  mm  Coat 

Zinc  Flame 

Panel  *Panel 

Type  Preparation 

Sprayed  Panels 

Coating 
Thickness, 
in.  6  mm 

••Seal 

Coat 

1 

2 

0.003  (.08mm) 

WP+CV-1 

1 

2 

0.003(.08mm) 

CR-1 

2 

2 

M 

M 

WP+CV-2 

2 

2 

M  II 

CR-2 

3 

2 

0.006(0. 15m) 

3 

2 

0.006  (0.15m) 

4 

2 

N 

M 

WP+CV-1 

4 

2 

W  H 

CR-1 

5 

2 

N 

N 

WP+CV-2 

5 

2 

H  N 

CR-2 

6 

2 

0.009(0. 23m) 

6 

2 

0.009(0. 23m) 

7 

2 

H 

N 

WP+CV-1 

7 

2 

N  H 

CR-1 

8 

2 

N 

WP+CV-2 

8 

2 

W  M 

CR-2 

9 

2 

0.012(0. 34m) 

9 

2 

0.012(0. 34m) 

10 

2 

N 

M 

WP+CV-1 

10 

2 

M  N 

CR-1 

11 

2 

tt 

M 

WP+CV-2 

11 

2 

N  H 

CR-2 

12 

2 

0.015(0. 41m) 

12 

2 

0.015(0. 41m) 

13 

2 

0.018(0. 49m) 

13 

2 

0.018  (0.49m) 

14 

1 

0.009(0. 23mm) 

14 

1 

0.009(0. 23m) 

15 

1 

M 

M 

WP+CV-1 

15 

1 

M  H 

CR-1 

16 

1 

N 

M 

WP+CV-2 

16 

1 

N  It 

CR-2 

17 

3 

M 

M 

17 

3 

H  N 

18 

3 

1* 

N 

WP+CV-1 

18 

3 

H  N 

CR-1 

19 

3 

H 

M 

WP+CV-2 

19 

3 

N  M 

CR-2 

20 

5 

It 

N 

20 

5 

M  N 

21 

5 

N 

N 

WP+CV-1 

21 

5 

W  M 

CR-1 

22 

5 

M 

N 

WP+CV-2 

22 

5 

H  tf 

CR-2 

23 

4 

N 

M 

23 

4 

24 

4 

It 

N 

WP+CV-1 

24 

4 

W  It 

CR-1 

25 

4 

It 

N 

WP+CV-2 

25 

4 

N  M 

CR-2 

26 

6 

N 

M 

26 

6 

m  m 

27 

6 

M 

M 

WP+CV-1 

27 

6 

m  h 

CR-1 

28 

6 

M 

N 

WP+CV-2 

28 

6 

m  h 

CR-2 

•Type a  of  Surface  Preparation 

1.  Coarse  silica  sand 

2.  Coarse  silica  sand  and  steel  flash 

3.  Fine  silica  sand 

4.  Fine  silica  sand  and  steel  flash 

5.  Chilled  iron  grit 

6.  Chilled  iron  grit  and  steel  flash 


••Types  of  Seal  Coat 
WP-Wash  primer 
CV-Clear  vinyl 
CR-Chlorinated  rubber 
-1-One  coat  of  specified  seal  coat 
-2-Two  coats  of  specified  seal  coat 
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Figure  1 

"a":  250X.  Nital  etch.  Flam*  sprayed  aluminum  coating,  .006  in.  (.15mm)  thick, 

no  sealer,  over  a  flash  coat  of  carbon  steel.  This  illustrates  the  condition 
of  the  aluminum  coating  after  exposure  for  IB  years  at  Wrightsvillc  Beach, 
N.C.  in  sea  water  at  mean  tide  level. 

"b" i  Same  area  as  above,  except  under  polarized  light  and  showing  the  amount  of 
coating  which  has  converted  to  aluminum  corrosion  product  (white)  and  re¬ 
maining  aluminum  (black) . 
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Figure  2 

"a":  25QX.  Nital  etch.  Flame  sprayed  aluminum  coating  .003  in.  (.08mm)  thick  plus 

one  coat  primer  and  two  coats  of  vinyl.  Exposed  for  18  years  below  low  tide  at 
Wrightsville  Beach,  N.C.  This  photo  illustrates  the  overall  condition  of  the 
aluminum  coating.  Compare  with  photo  "c"  which  shows  the  same  coatinq,  Hital 
etched  on  a  reserve  panel  which  was  never  exposed. 

"b":  Same  area  as  "a",  but  under  polarized  light  to  illustrate  the  relatively  small 
amount  of  aluminum  corrosion.  For  comparison,  see  photo  "d" ,  showing  unexpcsed 
aluminum. 
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Figure  3 

"«"»  60X.  .012”  (.34mm).  Flame  sprayed  Zn,  no  sealer,  exposed  for  18  years 

at  Wrightsville  Beach,  N.C.  in  sea  water  at  mean  tide  level.  This  photo 
illustrates  remaining  zinc  and  zinc  corrosion  product. 

"b"  >  Same  area  as  above,  however,  under  polarized  light.  The  zinc  corrosion 
product  appears  white  and  the  zinc  is  black. 
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Figure  4 

This  photograph  was  taken  at  Kure  Beach,  N.  C.,  80  feet  (24m)  from  the  normal  mean 
tide  level,  facing  the  surf.  It  shows  the  condition  of  flame  sprayed  aluminum  with 
and  without  sealers  after  19  years  exposure. 

The  top  left  three  panels  have  .003  in.  (.08mm)  aluminum  without  a  sealer. 

The  center  left  three  panels  have  .003  in.  (.08mm)  aluminum,  a  wash  prime  and 
one  coat  of  aluminum  vinyl. 

The  lower  ieii  three  panels  are  the  same  except  for  two  coats  of  aluminum  vinyl. 

The  remaining  unidentified  panels  are  .006  in.  (.15nm),  .009  in.  (0.23mm)  aluminum 
with  and  without  sealers. 
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Figure  5 

This  photograph  was  taken  at  Kure  Beach,  N.C. ,  which  is  a  marina  environment,  BO 
feet  (24m)  from  the  normal  mean  tide  level,  facing  the  surf.  It  shows  the  condition 
of  flame  sprayed  zinc  with  and  without  sealers  after  19  years  exposure. 

The  top  left  three  panels  show  what  remains  of  .003  in.  (.08mm)  zinc  without  a 
sealer . 

The  center  left  two  panels  have  .003  in.  ( .uflisn)  zinc,  a  wash  prime  and  one  coat 
of  aluminum  vinyl. 

The  lower  left  two  panels  were  .003  in.  (.OBmm)  zin:  with  chlorinated  rubber  sealer. 
The  two  upper  right  panels  are  .006  in.  (.ISmm)  zinc  with  chlorinated  rubber. 

The  remaining  panels  are  .009  in.  (0.23nm)  zinc  with  and  without  sealers. 
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Oral  Discussion 

May;  Did  you  identify  the  chemical  composition  of  the  zinc  and  aluminum 
used  here? 

Schriber:  The  zinc  was  99%  pure,  and  so  was  the  aluminum. 
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Electrochemical  Properties  of  Magnesium,  Zinc,  and  Aluminum 
Galvanic  Anodes  in  Sea  Water 

T.  J.  Lennox,  Jr. 

Code  6325 

Naval  Research  Laboratory 
Washington,  D.C.  20390 

Over  the  last  thirty  years  several  improved  galvanic 
anode  alloys  have  been  introduced  for  cathodic  protection 
systems  in  sea  water.  Magnesium  anodes  conforming  to 
MIL-A-21412A  and  zinc  anodes  conforming  to  MIL-A-18001H 
have  been  used  successfully  over  sufficiently  long  periods 
that  their  electrochemical  characteristics  and  service 
performance  are  well  established.  On  the  other  hand,  over 
the  past  decade  aluminum  anodes  have  been  in  a  state  of 
flux  with  the  introduction  of  new  alloys  every  few  years. 
However,  the  enhanced  electrochemical  properties  of  some 
of  the  more  recently  developed  aluminum  anodes  have  made 
them  attractive  economically. 

Data  have  been  presented  on  the  critical  parameters 
for  magnesium,  zinc,  and  aluminum  alloy  anodes.  The 
closed-circuit  electrochemical  potentials,  current  output 
characteristics,  current  capacity,  and  corrosion  character¬ 
istics  have  been  summarized.  Comparative  data  on  some  of 
the  newer  and  older  aluminum  alloy  anodes  and  the  advantage 
of  galvanic  anodes  over  other  type  cathodic  protection 
systems  have  been  discussed. 

The  protective  potentials  for  steel  to  four  different 
types  of  reference  electrodes  have  been  presented,  and  a 
nomogram  of.  reference  electrode  potentials  in  chloride 
solutions  of  various  resistivities  has  been  included. 

It  is  concluded  that  the  presently  available  magnesium, 
zinc,  or  aluminum  anodes  procured  to  the  proper  specifi¬ 
cations  have  dependable  electrochemical  characteristics  and 
are  suitable  for  cathodic  protection  systems  in  sea  water. 

Key  Words:  Galvanic  anodes;  sea  water;  magnesium 
anodes;  zinc  anodes;  aluminum  anodes;  electrochemical 
properties;  relative  metal  costs;  reference 
electrodes;  corrosion  characteristics. 


1.  Introduction 

Until  approximately  forty  years  ago  corrosion  protection  on  submerged 
structures  relied  almost  entirely  on  the  application  of  protective  coatings. 
Although  the  principles  of  cathodic  protection  have  been  applied  to  ship 
hulls  for  approximately  150  years  (3)1,  it  was  not  until  the  1940's  (4) 


*The  numbers  in  parentheses  refer  to  the  list  of  references  which  make  up 
the  Bibliography  at  the  end  of  this  paper. 
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that  concern  developed  over  the  variable  performance  of  the  zinc  anodes  which 
were  routinely  placed  on  the  stern  of  a  ship  to  prevent  corrosion  accelerated 
by  the  nonferrous  setal  propellers  and  appendages. 

Cathodic  protection  to  mitigate  corrosion  is  generally  used  in  conjunction 
with  protective  coatings  by  establishing  a  sufficiently  negative  potential  on 
a  submerged  structure  to  make  the  entire  structure  cathodic.  Cathodic  pro¬ 
tection  may  be  obtained  using  either  relatively  inert  anodes  with  an  Impressed 
voltage  from  an  external  power  source  or  from  sacrificial  galvanic  anodes 
such  as  magnesium  (1,2),  zinc  (3-11),  or  aluminum  (12-21).  Galvanic  anodes 
depend  on  their  inherent  electrochemical  activity  for  driving  voltage  and  are 
a  self-contained  power  source  when  coupled  to  a  more  noble  (cathodic)  metal. 

This  paper  is  prepared  with  the  thought  that  it  should  serve  as  a  guide 
to  the  use  of  galvanic  anodes  in  sea  water  and  is  based  on  the  author's  and 
other's  experience  on  studies  of  the  electrochemical  properties  of  magnesium, 
zinc,  and  aluminum  anodes  in  service  and  field-service  type  experiments.  A 
bibliography  of  pertinent  references  (1-22)  on  the  subject  is  included. 

The  primary  considerations  in  establishing  the  useful  properties  of  a 
galvanic  anode  are  based  on  reliable  performance  associated  with  the  following 
parameters:  1)  closed-circuit  electrochemical  potential,  2)  long-term  current 

output  characteristics,  3)  current  capacity  per  pound,  and  4)  corrosion 
characteristics.  The  economics  of  any  cathodic  protection  system  should  be 
based  not  only  on  cost  of  anode  material,  but  should  include  actual  instal¬ 
lation  costs.  These  latter  costs  may  be  quite  variable  from  one  shipyard  to 
another,  and  the  cost  per  pound  of  anode  metal  will  vary  with  the  source; 
for  these  reasons  only  relative  costs  per  ampere  year  for  galvanic  anou<) 
materials  will  be  discussed. 

It  should  also  be  pointed  out  that  the  author  and  his  associates  (18,19) 
have  not  tested  all  existing  anode  alloys,  especially  alloys  that  may  have 
been  developed  in  the  last  several  years.  Therefore,  the  comments  and  state¬ 
ments  in  this  paper  are  not  meant  to  limit  the  use  of  unmentioned  alloy  anodes. 
As  a  precaution  to  users  of  galvanic  anodes,  however,  any  anode  material 
should  not  be  considered  for  long-term  installation  until  the  intended  user 
has  had  demonstrated  to  him  by  in-service  test  data  or  data  from  long-term 
field-service  tests  that  the  materials  being  considered  do  indeed  fulfill 
his  requirements  technically  as  well  as  economically. 

Of  necessity  in  a  paper  of  this  type  general  or  typical  data  will  be 
presented.  In  summarizing,  however,  more  specific  data  are  presented. 

Closed-Circuit  Potentials 

The  closed-circuit  electrochemical  potentials  to  a  silver/silver  chloride 
( Ag/AgCl)  reference  electrode  of  the  presently  used  magnesium  and  zinc  anodes 
for  which  a  U.S.  Military  specification  exists  are  shown  in  Fig.  1.  Also 
shown  in  Fig.  1  are  the  potentials  of  several  aluminum  alloy  anodes.  A 
military  specification  does  not  exist  for  aluminum  galvanic  anodes,  but  one 
is  in  preparation  by  the  Naval  Ships  Engineering  Center,  Hyattsville, 

Maryland . 

Magnesium  anodes  have  the  most  negative  (anodic)  potential  of  the 
common  galvanic  anode  alloys.  Zinc  and  aluminum  anodes  have  similar 
potentials  which  are  positive  (cathodic)  to  magnesium  anodes  by  approximately 
0.5  volt.  None  of  the  anode  alloys  has  a  specific  potential  in  sea  water. 
Therefore  a  range  and  typical  potential  values  have  been  shown  in  Fig.  1. 

The  zinc  anode  appears  to  have  the  narrowest  range  of  potentials  of  any  of 
the  galvanic  anodes  studied. 
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Current  Output  Characteristics 

Typical  current  output  versus  time  characteristics  for  magnesium,  zinc, 
and  several  aluminum  alloy  anodes  are  shown  in  Fig.  2.  Generally,  galvanic 
anodes  of  the  proper  specification  or  identity  can  be  relied  upon  to  supply 
galvanic  current  for  a  cathodic  protection  system  over  long  time  periods, 
i.e.,  they  do  not  anodically  polarize  in  sea  water.  An  exception  to  this  is 
some  of  the  aluminum-zlnc-tln  alloy  anodes  which  have  shown  a  continual 
decrease  in  current  output  with  time  Indicating  anodic  polarization.  Anodes 
which  polarize  significantly  with  time  cannot  be  considered  as  suitable 
galvanic  anodes  for  long-term  cathodic  protection  systems. 

Current  Capacity 

The  current  capacity  in  ampere  hours  per  pound  as  a  function  of  anode 
current  density  for  magnesium,  zinc,  and  several  aluminum  alloy  anodes  is 
shown  in  Fig.  3.  The  aluminum-zinc-mcrcury  alloy  anode  has  consistently 
produced  the  highest  current  capacity,  and  the  high  capacity  for  this  alloy 
was  maintained  over  the  anode  current  density  range  from  200  to  1000  ma/sq  ft. 
The  aluminum-zinc-tin  alloy  anodes  are  also  capable  of  producing  a  high 
current  capacity,  but  in  many  instances  the  capacity  is  well  below  that  of 
magnesium  anodes  (500  ampere  hours  per  pound)  especially  at  anode  current 
density  levels  below  approximately  700  ma'sq  ft.  The  low  current  capacity 
observed  on  some  of  the  alumlnum-zinc-tin  anodes  may  be  the  result  of  Improper 
heat  treatment,  as  these  alloys  generally  require  post  casting  heat  treatment 
to  obtain  a  high  current  capacity.  The  aluminum-zinc-indium  alloy  anodes 
have  a  current  capacity  approximately  midway  between  the  best  and  poorest 
performing  aluminum  anodes.  Zinc  anodes  have  a  current  capacity  of  approxi¬ 
mately  370  ampere  hours  per  pound  at  all  current  density  levels,  and  zinc 
anodtf  are  essentially  100';  efficient  in  sea  water. 

Reding  (20)  has  shown.  Fig.  4.  that  the  current  capacity  of  the 
aluminum-zinc-mercury  nlloy  anode  can  be  detrimentally  affected  in  an  environ¬ 
ment  such  as  anaerobic  mud  covered  with  sea  water.  In  this  environment  the 
current  capacity  of  aluminum-zlnc-mercury  anodes  can  be  as  low  as  400  ampere 
hours  per  pound.  Increasing  the  zinc  content  to  4'f  resulted  in  increasing 
the  current  capacity  to  over  1000  ampere  hours  per  pound.  Table  1  shows  a 
comparison  of  current  capacities  for  aluminum  alloy  anodes  and  for  zinc 
anodes  in  the  anaerobic  mud  sea  water  system.  The  zinc  anode  current  capacity 
was  not  detrimentally  affected  in  this  environment. 

Corrosion  Characteristics 

The  corrosion  characteristics  in  sea  water  of  magnesium,  zinc,  and 
several  aluminum  alloy  anodes  are  shown  in  Table  2.  Both  the  magnesium  and 
zinc  alloy  anodes  usually  show  uniform  attrition  and  are  essentially  self 
cleaning  of  anodic  corrosion  products.  The  magnesium  anodes  may  tunnel  at 
ferrous  cores  especially  under  velocity  conditions.  This  tunneling  which 
can  result  in  electrical  isolation  of  the  anode  from  the  structure  being 
protected  can  be  reduced  or  eliminated  with  the  use  of  porcelain  coated  steel 
cores  or  by  covering  the  entire  anode  except  for  one  surface  with  a  thick 
(approximately  1/8  inch)  adherent  PVC  type  coating.  The  attrition  of  zinc 
anodes  will  generally  be  less  uniform  at  low  anode  current  density. 

None  of  the  aluminum  alloy  anodes  arc  self  cleaning,  and  generally  the 
attrition  pattern  is  less  uniform  than  for  either  magnesium  or  zinc  anodes 
in  sea  water.  It  has  also  been  noted  that  some  surface  areas  on  the  aluminum- 
zlnc-mercury  alloy  anodes  remain  essentially  inactive.  In  long-term  use, 
the  nactlvity  of  these  areas  could  perhaps  result  in  some  segments  of  the 
anodes  being  lost  without  ever  producing  any  useful  current. 
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Specific  Galvanic  Anode  Properties 

A  suaaary  of  specific  properties  for  galvanic  anodes  ir  shown  in 
Table  3.  This  suaaary  includes  the  noainal  composition  of  the  anodes, 
closed-circuit  potential  to  the  Ag/AgCl  reference  electrode,  current  capacity 
in  aapere  hours  per  pound,  anode  consuaption  rate  in  pounds  per  ampere  year, 
and  density  of  the  alloys. 

Magnesium  anodes  have  a  typical  potential  of  -1.52  volts  and  a  current 
capacity  of  500  aapere  hours  per  pound.  Zinc  anodes  have  a  potential  of 
-1.04  volts  and  will  provide  368  aapere  hours  per  pound. 

The  aost  consistent  electrocheaical  properties  for  aluminum  alloy 
anodes  has  been  obtained  from  anodes  containing  zinc  and  mercury.  Typically 
these  anodes  have  a  potential  of  -1.06  volts  and  a  current  capacity  of  1250 
ampere  hours  per  pound  in  full  strength  sea  water. 

Aluminum  anodes  with  alloying  elements  of  zinc  and  tin.  and  which 
generally  require  a  heat  treatment  to  obtain  optimum  electrochemical  charac¬ 
teristics,  have  shown  quite  variable  properties.  A  typical  potential  for 
this  class  of  alloy  anode  is  -1.03  volts,  and  the  current  capacity  can  vary 
from  as  high  as  1100  to  as  low  as  400  ampere  hours  per  pound.  With  a  current 
capacity  of  only  400  aapere  hours  per  pound  from  an  aluminum  anode  the 
advantage  of  using  aluminum  over  zinc  anodes  is  lost  for  most  long-term 
cathodic  protection  installations. 

The  aluminum  anodes  alloyed  with  zinc  and  indium  have  a  typical 
potential  of  -1.1  volts  and  a  current  capacity  ranging  from  750  to  900  ampere 
hours  per  pound. 

Relative  Costs  and  Advantages 

The  relative  metal  costs  per  ampere  year  for  zinc,  magnesium,  and 
aluminum  anodes  are  summarized  in  Table  4.  These  data  sre  based  on  actual 
ampere  hour  per  pound  values  obtained  from  each  anode  alloy  as  shown  in 
Table  3  and  the  nominal  U  S.  prices  for  each  of  the  alloys  in  anode  form. 

The  relative  cost  per  ampere  year  of  the  aluminum-zinc-mercury  anodes 
is  approximately  two  thirds  that  of  zinc  anodes  and  approximately  one  half 
that  of  magnesium  anodes.  With  the  price  per  pound  used  in  this  comparison 
the  aluminum-zinc-tin  alloy  anode  would  be  less  costly  than  the  alumlnura- 
zinc-mercury  anodes  if  a  high  current  capacity  could  be  consistently  realized 
from  the  alumlnum-zinc-tin  anodes.  The  relative  cost  of  the  aluminum-zinc- 
indlum  anodes  is  somewhat  greater  than  that  of  the  aluminum-zlnc-mercury 
anodes  and  slightly  less  than  for  zinc  anodes. 

Table  5  shows  some  of  the  advantages  of  galvanic  anodes  as  a  class  for 
cathodic  protection  systems.  The  advantages  for  galvanic  anodes  over  other 
systems  can  be  summarized  by  pointing  out  their  simplicity  in  use  and  the 
relatively  low  initial  cost. 

Protective  Potentials 

The  protective  potentials  for  steel  in  sea  water  measured  to  four 
different  reference  electrodes  are  shown  in  Table  6. 

A  nomogram  for  correcting  the  potentials  observed  to  the  Ag/AgCl 
reference  electrode  to  potentials  on  the  saturated  calomel  (SCE)  or  saturated 
copper/copper  sulfate  (Cu/CuS0,|)  electrode  scale  in  waters  of  varying  resisti¬ 
vity  is  shown  in  Fig.  5.  This  nomogram  will  be  useful  in  establishing  the 
potential  to  either  the  saturated  calomel  electrode  (SCE)  or  the  CU/CUSO4 
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electrode  when  the  potential  has  been  determined  to  a  Ag/AgCl  reference 
electrode,  for  example,  on  the  hull  of  a  ship  which  traverses  full  strength 
sea  water  and  brackish  water.  As  discussed  by  Peterson,  Groover  (22)  "...  the 
Ag/AgCl  reference  electrode  is  an  almost  ideal  reference  cell  for  full  sea 
water  because  it  requires  no  salt  bridge  and  has  a  low  temperature  coefficient. 
If  the  resistivity  of  the  water  in  question  is  known,  the  range  of  this 
electrode  is  extended  to  cover  almost  any  brackish  water  whose  principal 
dissolved  solid  is  sodium  chloride." 

Example  a)  in  Fig.  5  shows  that  if  a  potential  of  -0.79  volts  is 

measured  to  the  Ag/AgCl  reference  electrode  in  20  ohm-cra  water  (full  sea 

water)  the  potential  would  be  -0.79  volts  to  the  SCE  and  -0.85  volts  to  the 

CU/CUSO4  electrode.  In  1500  ohm-cm  water  (example  b)  in  order  to  have  a 

potential  of  -0.85  volts  to  the  CU/CUSO4  (-0.79  volts  to  the  SCE)  one  must 
measure  a  potential  of  -0.91  volts  to  the  Ag/AgCl  reference  electrode. 

Conclusions 

1.  By  using  magnesium  anodes  conforming  to  MIL-A-21412A,  zinc  anodes 
conforming  to  MIL-A-18001H,  or  aluminum  anodes  of  the  proper  identity,  one  can 
readily  obtain  dependable  electrochemical  properties  from  galvanic  anodes  for 
sea  water  service.  Aluminum  alloy  anodes  containing  small  percentages  of 
zinc  and  mercury  have  consistently  given  satisfactory  electrochemical 
characteristics,  but  the  current  capacity  may  be  lowered  considerably  if  the 
anodes  are  used  in  anaerobic  muds  covered  by  sea  water. 

2.  The  aluminum-zinc-mercury  alloy  anodes  have  the  lowest  relative 
metal  cost  per  ampere  year  compared  to  magnesium,  zinc,  or  other  aluminum 
alloy  anodes  studied. 

3.  The  Ag/AgCl  reference  electrode  appears  to  be  an  ideal  reference 
cell  for  use  in  sea  water,  ard  potentials  observed  with  it  in  brackish  water 
whose  principal  dissolved  solid  is  sodium  chloride  can  readily  be  converted 
to  the  SCE  or  CU/CUSO4  electrode  scale  by  use  of  the  nomogram. 
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Summarized  Discussion 

In  reply  to  queries  the  author  stated  that  the  mercury  content  of  the 
special  aluminum  anode  alloy  is  only  0.05%  (nominally),  and  the  tolerability 
of  the  marine  environment  for  an  alloy  of  this  composition  can  only  be 
finally  settled  when  the  environmentalists  set  a  standard;  he  noted  that 
marine  organisms  have  been  observed  growing  directly  on  and  around  working 
Al-Zn-Hg  anodes.  Concerning  a  conjecture  that  alkali  formation  on  a  working 
anode  might  be  responsible  for  keeping  the  anode  free  from  fouling,  the 
author  noted  that  marine  fouling  can  be  found  directly  on  magnesium  anodes. 

Where  hydrodynamic  drag  or  noise  is  a  factor,  it  was  pointed  out  that 
ranking  of  anode  materials  should  be  based  on  ampere-hours  per  unit  volume 
rather  than  per  unit  weight.  On  the  basis  of  volume,  zinc  and  aluminum 
anodes  are  comparable.  Where  submerged  weight  is  critical,  as  perhaps  on 
a  sub-surface  buoy,  ir  is  the  apparent  weight  in  sea  water  rather  than  the 
weight  in  air  that  is  important,  and  on  such  basis  the  aluminum  alloys  are 
even  more  attractive  than  when  compared  on  the  basis  of  weight  in  air. 

There  are  no  known  effects  of  depth  on  the  performance  of  galvanic 
anodes;  all  experiments  with  cathodic  protection  from  zinc  anodes  at 
great  depths  appear  to  have  confirmed  the  effectiveness  of  the  anodes, 
but  such  experiments  are  lacking  for  magnesium  and  aluminum  anodes. 
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Table  1.  Laboratory  Current  Capacities  of  Aluminum 
and  Zinc  Anodes  in  Saline  Electrolytes 


Current 

Canacities  (amp 

hr/lbj1 

Alloy 

Sea  Water 

Anaerobic  Mud 
Covered  with 

Sea  Water 

Sand 

Covered 

with 

Sea  Water 

Al,0.4Zn,0.04Hg 

1270 

S50 

1250 

Zinc  (MIL- A-18001H) 

360 

360 

360 

Al,7Zn,0.03Sn 

760 

510 

- 

A1 , 1 . 5Zn , 0 . 03Sn 

870 

500 

- 

^current  density  approximately  100  na/sq  ft. 


[after  Reding  (20)  ] 


Table  2.  Corrosion  Characteristics;  Galvanic  Anodes 


Anode  Alloy 


Description 


Mg  (MIL-A-21412A)  Self  cleaning,  uniform  attrition,  may  tunnel 

at  ferrous  cores  unless  precautions  to 
prevent. 

Zn  (MIL-A-18001H)  Self  cleaning,  uniform  attrition;  less 

uniform  at  low  anode  current  density. 


Al-Zn-Hg  Not  self  cleaning,  striated  attrition;  some 

areas  relatively  Inactive. 

Al-Zn-Sn  Not  self  cleaning,  uniform  to  irregular 

attrition;  dependent  on  alloy  and  heat 
treatment. 

Al-Zn-In  Not  self  cleaning,  uniform  to  Irregular 

attrition;  dependent  on  anode  current 
density. 


Table  3.  Galvanic  Anode  Properties  Sunary 


184 


Table  4.  Galvanic  Anodes  -  Relative  metal  cost/ampere  year 


Relative  Cost* 

Anode  Material  (dollars) 


Zinc  (MIL-A-18001H) 

1.00 

Magnesium  (MIL-A-21412A) 

1.31 

Aluminum 

Zn-Hg 

0.67 

Zn-In 

0.77 

to  0.93 

Zn-Sn 

0.62 

to  1.70 

*Based  on  actual  ampere-hours/lb,  not  theoretical  values. 

Table  S.  Galvanic  Anode  Advantages  Over 
Other  Type  Systems 


Item  Description 


Current  source 

Self  contained 

Current  direction 

Always  correct  for  protection 

Stuffing  glands 

Not  required 

Hull  penetrations 

Not  required 

Isolation  from  hull 

Must  not  be  isolated 

Lead  wires 

Generally  not  used 

Dielectric  shield 

Required  only  for  Mg  anode 

Damage  (mechanical) (electrical) 

Not  very  susceptible.  No  concern 
when  properly  shielded  and  cast- in 
bonded  cores  used 

Maintenance 

None  required,  other  than  periodic 
replacement  of  anodes 

Initial  cost 

Relatively  low 

Table  6.  Protective  Potentials  of  Steel  Measured 
Against  Four  Reference  Electrodes  in  Sea  Water 


Reference 

Electrode 

Electrolyte 

Protective  Potential 
in  Volts  (68°F) 

Calomel 

Saturated  KC1 

-0.79 

Ag/AgCl 

Sea  water 

-0.79* 

Cu/CuSO^ 

Saturated  CuSO^ 

-0.85 

Zinc  (MIL-A-18001H) 

Sea  water 

-t-0.25 

*  These  are  practical  values  in  full  strength  uncontaminated  sea  water. 
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CLOSED  CIRCUIT  POTENTIAL  TO  Ag/AgCl  REF  ELECT.  (IN  VOLTS) 


0 

-0.2 

-0.4 

-0.6 

-0.8 

-1.0 

-1.2 

-1.4 

-1.6 

-1.8 

Fig.  1 — Closed  circuit  potentials  of  galvanic  anodes  in  sea  water. 
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CURRENT 


Fig.  2 — Current  output-time  characteristics  for  magnesium,  zinc, 
and  aluminum  galvanic  anodes  in  sea  water. 
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CURRENT  CAPACITY  (AMP 


CD  mo/sq  ft 


Fig.  3— Current  capacity  of  galvanic  anodes  as  a  function  of  anode 
current  density. 
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NOMOGRAM  OF  ELECTRODE  POTENTIALS  vs  RESISTIVITY 


POTENTIAL 

s?eTS)  POTENTIAL 

Cu/OuSO*  (VOLTS) 
,SOi  (Ag/AgCt) 

V  1.30  r-170 


NOMOGRAM  FOR  CORRECTION  OF 
Ag/AgCI  REFERENCE  ELECTRODE 
POTENTIALS  TO  SATURATED 
CALOMEL  OR  Cu/CuS04  POTENTIALS 


If  MH  PETERSON  ANO  R  E  GROOVER 
NAVAL  RESEARCH  LABORATORY 
WASHINGTON,  DC 


RESISTIVITY  (ohm -cm) 
-a  10000 


1000 

EXAMPLES: 

500 

a)  20ohm-cm  ELECTROLYTE, 

POTENTIAL  OF  -0  85V  TO 
Cv/CuS04%  0  79V  TO 

200 

SCE  OR  Ag/AgCI 

too 

b)  1500  ohm -cm  ELECTROLYTE, 

POTENTIAL  OF  -085V  TO 
Cu/CwS04  Q/  0  79V  TO  SCE 
OR  -09IV  TO  Ag/AgC* 

50 

Fig.  5 — Nomogram  of  electrode  potentials  vs  resistivity. 
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Studies  on  the  design  of  cathodic  protection  systems 
for  cargo/ballast  tanks  of  crude  oil  tankers 


W.  Posch,  C.  de  Waard  and  W.  Smit 

Koninklijke/Shell-Iaboratorlum,  Amsterdam 
(Shell  Research  M.V. ) 


Cathodic  protection  of  the  cargo/ballast  tanks  of  large  crude 
carriers  is  complicated  owing  to  sheer  size  and  the  fact  that  steel 
covered  with  waxy  sludge  stimulates  pitting  corrosion.  Data  neces¬ 
sary  for  the  appropriate  design  of  cathodic  protection  systems  have 
been  collected  in  three  ways:  by  monitoring  currents  and  potentials 
on  board  tankers  over  a  service  period  of  two  years,  by  in-situ 
measurements  of  current  distributions  in  such  tanks  and  by  model 
studies  and  theoretical  calculations  of  current  distributions. 

Der  kathodische  Sohutz  von  Ladung/Balla3t  Tanks  von  sehr 
grossen  RohBl-Tankern  1st  bedingt  durch  deren  GrBsse  und  die  den 
Lochfrass  begUnstigenden  Ablagenungen  von  wachsartlgen  Rohbl- 
rUckstiCnden  kelne  einfache  Aufgabe.  Die  fUr  eine  richtige  Auslegung 
des  kathodischen  Schutzsystemes  notwendigen  Daten  wurden  aufgrund 
von  Jahrenlangen  Messungen  von  Schutzstrbmen  und  Potentialen  auf 
Tanker n  sowie  3 tromdlchte messungen  in  derartigen  Tanks  und  aufgtund 
von  Modell3tudien  und  theoretischen  Berechnungen  ermittelt. 

La  protection  cathodique  des  reservoirs  charge/lest  des  grands 
patrollers  k  brut  est  compllqu^e  par  leurs  grandes  dimensior.3  et  par 
le  fait  que  l'acier  couvert  de  boues  paraffineuses  stlmule  la  cor¬ 
rosion  par  plqOre . 

Les  donnrfes  n^cessaires  pour  arrl ver  h  des  sys times  efficaces 
de  protection  catiiodique  orit  recuelllies  de  trois  facons:  en 
enregistrant  contlnuellement  les  ccurants  et  les  potentiels  A  bord 
des  patrollers  pendant  deux  ann^es,  en  mesurant  sur  place  les 
distributions  de  courant  dans  ces  reservoirs  et  en  faisant  des  etudes 
sur  modfele3  et  des  calculs  theoriques  concemant  les  distributions  de 
courant. 

Key  Words:  crude  oil  tankers;  cargo/ballast  tanks;  corrosion; 
cathodic  protection;  designs. 


Introduction 

The  problem  of  "bottom  pitting"  in  cargo/ballast  tanks  of  crude  oil  tankers  has 
received  increasing  attention  in  recent  years.  Operational  factors,  such  as  longer  ballast 
voyages  and  the  considerably  larger  size  of  the  tanks  in  the  very  large  crude  carriers 
(VLCC's)  of  today,  may  have  favoured  thi3  nasty  and  serious  type  of  corrosion.  On  the 
other  hand,  more  stringent  requirements  for  corrosion  control  have  to  be  met  due  to  the 
permission  of  reduced  scantlings.  We  have  shown  already  (I)1  that  this  pitting  corrosion  is  the 
result  of  a  purely  electrochemical  corrosion,  that  waxy  sludge  layers  -  contrary  to  general 
belief  -  do  not  act  as  insulators  but  instead  stimulate  localized  corrosion  and  that  areas 
of  different  waxy  sludge  coverage  can  interact  electrochemically  over  rattier  large  dis- 

^  Figures  in  parentheses  indicate  the  literature  references  at  the  end  of  this  paper. 


tances  (giant  corrosion  cells).  It  Is  In  particular  the  latter  phenomenon  U^at  places  tlie 
problem  In  the  proper  perspective,  because  It  Indicates  that  any  partial  protection  system 
-  such  as  selective  painting  -  is  bound  to  fa:Ll.  It  lias  become  clear  Uiat  if  cathodic  pro¬ 
tection  Is  the  solution  -  as  suggested  by  ourselves  and  many  others  -  the  entire  surface  of 
the  tank  has  to  be  reckoned  with  in  a  cathodic  projection  design,  mere  pro teyj Lion  of  those 
surfaces  subject  to  pitting  not  being  sufficient. 

Die  application  of  cathodic  protection  in  cargo/ballast  tanks  of  VLCC's  is  much  more 
complicated  than  for  other  marine  purposes.  To  be  able  to  come  to  a  proper  evaluation  of 
the  technical  problems  Involved  and  to  anticipate  what  degree  of  protection  can  be  achieved 
at  reasonable  cost,  we  had  to  have  full  knowledge  of  the  parameters  g  verning  corrosion  arid 
protection  in  these  tanks.  TO  this  end  we  pursued  a  numoer  of  possibilities.  In  a  first 
approach  we  collected  data  on  existing  cathodic  protection  systems.  Highlights  of  this 
experience  a re  given.  Hie  second  -  also  ratiier  pra^natic  -  approach  was  mapping  the  protec¬ 
tive  current  distribution  pattern  in  a  cathodl sally  protected  ballasted  tank.  In  tills  method 
the  current  densities  were  measured  In  situ  with  the  aid  of  a  novel  type  of  probe,  positioned 
by  a  diver.  The  third  way  was  assessing  tiie  protective  current  distribution  pattern  by  model 
experiments.  These  model  experiments  were  supplemented  with  a  theoretical  study.  In  widen,  in 
addition  to  such  factors  as  tank  geometry  and  anode  positioning,  the  polarization  resistance 
of  the  steel  surface  to  be  protected  was  taken  into  account. 

Electrochemical  data  from  monitoring  existing  cathodic  protection  systems  in  cargo/ballast  tanks 

Electrochemical  data  about  cathodic  protection  installations  with  zinc  anodes  were  col¬ 
lected  by  monitoring  over  a  service  period  of  two  yeo.rs  anode  current  outputs,  protective 
current  densities  and  potentials  In  cargo/ballast  tanko  of  two  tankers.  In  the  one  vessel 
all  horizontal  tank  surfaces  were  painted,  in  the  other  no  Daint  had  been  used  at  all.  The 
experimental  set-up  and  results  have  been  reported  in  detail  elsewhere  (2).  Two  features 
considered  important  for  the  design  of  cathodic  protection  systems,  viz.  the  anode  current 
output  versus  time  relationship  and  the  protective  current  demand,  will  be  discussed  liere. 

At  the  beginning  of  a  clean  ballast  voyage,  the  anode  current  output  was  considerably 
larger  than  that  at  the  end  of  the  run.  The  current  output  often  decreased  exponentially 
with  time,  according  to  the  equation 

+  U0  -  O  -e  T  (1) 

The  time  constant  t  varied  quite  a  bit  from  run  to  run,  but  appeared  tc  be  of  tire  order  of 
1  -2  days.  Typical  examples  of  experimental  carves  are  shown  in  Fig.  1. 

According  to  Vetter  (3)  the  current  response  to  a  potentiostatic  pulse  can  be  described 
by  a  sum  of  exponential  functions  when  transport  of  the  electrochemically  active  species  is 
controlled  by  diffusion  and  convection.  Eq.  (1)  is  compatible  with  this,  though,  strictly 
speaking,  we  are  not  dealing  with  a  potentiostatic  pulse.  Nevertheless  we  can  conclude  that 
the  dynamic  behaviour  of  the  anode  output  is  probably  controlled  by  the  formation  of  an 
oxygen-depleted  layer  of  the  ballast  water  near  the  cathode,  i.e.  the  surface  area  to  be 
protected.  In  other  words,  if  such  a  current  output  pattern  is  obtained,  the  anodes  are 
doing  their  utmost  to  protect  the  steel. 

In  dirty  ballast,  however,  such  peak  values  were  very  seldom  obtained.  In  general 
current  output  curves  had  the  shape  as  shown  Ln  Fig.  2.  Even  after-  a  considerable  time  f 
protection  the  current  output  sometimes  still  increased.  This  and  the  fact  tnat  rather  noble 
potentials  were  measured  in  the  vicinity  of  the  anode  indicate  tiiat  anodes  were  largely 
incapacitated  by  sludge  deposits,  and  the  protective  current  demand  was  not  satisfied. 

From  the  current  densities  and  potentials  measured  at  the  same  location  polarization 
curves  could  be  constructed.  A  typical  curve  for  a  bulkhead  obtained  on  tire  computer  -  used 
to  process  the  huge  amount  of  data  -  is  shown  in  Fig.  3.  This  curve  exhibits  the  feature 
characteristic  of  a  corrosion  process  controlled  by  diffusion  of  dissolved  oxygen,  viz.  a 
current  plateau.  The  magnitude  of  this  current  represents  the  protective  current  requirement. 

The  current  density  required  for  full  protection  can  also  oe  derived  from  the  corrosion 
current  density  of  the  steel  in  the  unprotected  condition,  i.e.  from  the  relation  between 
corrosion  current  and  polarization  resistance.  The  slope  of  tlie  polarization  curve  at  i  =  0 
then  gives  the  polarization  resistance.  As  shown  ln  Table  1,  a  reasonable  consistency  was 
found  between  the  current  densities  derived  by  these  two  independent  methods. 

From  Thble  1  it  appears  that  the  current  density  requirement  for  verticals  is  about 
40  mA/wP.  For  bare  horizontals  this  i3  about  100  mA/m^,  while  for  bare  areas  (defects)  in 
painted  horizontals  an  average  of  650  mA/m^  is  found. 
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It  is  quite  clear  from  these  figures  that  in  the  case  of  hori zontals  Uie  current 
density  for  damaged  spots  in  a  coating  is  much  higher  than  for  steel  without  a  coating. 
Nevertheless  one  has  to  assume  that  the  total  current  required  for  a  coated  horizontal 
surface  should  require  less  current  than  or  at  least  as  much  current  as  ti«e  same  area  o: 
bare  steel.  Eq.  (2)  gives  the  function  describing  the  current  demand  of  painted  horizontals: 


i 


hor 


100  + 


(mA/m2) 


(2) 


where  do,  is  the  fraction  of  damaged  horizontal  surface  area  and  0V  is  the  (bare)  vertical 
area.  Wen  have  plotted  eq.  (2)  in  Pig.  4,  where  the  full  line  represents  the  current 
densities  in  the  damaged  area  only,  and  the  dashed  one  giv<  s  the  current  for  the  total 
area,  i.e.  coated  +  damaged  areas. 


Protective  current  density  measurements  in  ballasted  tank  with  the  aid  of  a  diver 


It  was  felt  necessary  to  get  supplementary  information  about  the  current  densi  ty  dis¬ 
tribution  in  a  ballasted  tank,  since  in  the  above  experiments  densities  iiad  been  measured  in 
a  limited  number  of  places  only.  To  this  end  we  devised  a  new  method  based  on  the  following 
principle,  the  current  flowing  from  the  anodes  to  the  steel  surfaces  to  be  protected  will  do 
so  according  to  a  certain  pattern,  the  shape  of  which  is  governed  by  the  current  requirements 
of  the  relevant  surfaces.  The  potential  with  respect  to  the  electrolyte  along  the  current 
lines  will  change  when  current  i3  flowing.  Two  reference  electrodes  positioned  along  the 
lines  will  show  a  potential  difference,  which  can  be  measured.  This  potential  difference,  7, 
is  related  to  the  vector  component,  7,  of  the  current  flow  along  the  line  between  tlie  two 
electrodes  according  tos 

7=  p  .7.7  ,  (3) 

where  p  =»  specific  resistivity  of  the  electrolyte  and 
7  =  distance  between  the  electrodes. 

It  follows  from  this  equation  that  from  a  potential  difference  measurement  the  current  flow 
caui  be  calculated; 
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In  this  equation  1  has  been  replaced  by  leff»  which  is  found  by  calibration  for  a  fixed 
reference  electrode  arrangement. 

When  1  is  small  compared  with  the  dimensions  of  the  steel  parts  on  which  the  measure¬ 
ments  are  done,  7  parallel  to  the  steel  surface  may  be  assumed  to  be  zero.  In  that  case 
only  the  component  perpendicular  to  the  steel  surface  need  be  measured. 

When  using  a  method  based  on  this  principle,  the  small,  but  varying  offset  between  tne 
two  nominally  equal  electrodes  must  be  compensated  for.  This  can  be  done  either  by  inter¬ 
changing  the  electrodes  in  each  set  of  measurements  and  eliminating  the  offset  by  taking  the 
average  of  the  two  readings,  or  by  measuring  the  offset  separately  in  the  same  electrolyte, 
but  shielding  the  system  from  external  currents.  With  the  probe  used,  which  is  shown  in 
Pig.  3,  the  latter  method  wa3  adopted.  The  probe  consists  of  a  U-shaped  body  of  rigid  FVC 
tubes,  which  was  attached  perpendi cularly  to  the  3teel  wall  by  a  strong  permanent  magnet. 

Two  standard  calomel  electrodes  were  installed  inside  the  legs  of  the  U.  The  leads  of  the 
electrodes  ran  through  the  bottom  of  the  U  and  were  connected  outside  the  electrolyte  to  a 
sensitive  microvoltmeter. 

The  tiny  holes  In  the  legs  of  the  tubes  positioned  at  the  height  of  the  electrodes,  by 
which  connection  with  the  electrolyte  was  achieved,  were  shielded  from  outside  currents  by 
a  water-filled  tube.  In  Pig.  5A,  the  probe  is  in  the  measuring  position,  in  Pig.  5B  in  the 
offset  reading  position. 

The  probe  was  calibrated  in  the  laboratory.  The  factor  by  which  a  mV  reading  was  con¬ 
verted  to  mA/m2  turned  out  to  be  30.6  for  ballast  water  with  a  resistivity  of  23.4  Qcm. 

The  measurements  were  carried  out  with  the  aid  of  a  diver  who  positioned  the  probe  and 
made  the  necessary  changes  for  detemu.. .ation  of  the  offset.  Series  of  measurements  were 
taken,  first  in  a  number  of  locations  on  the  bottom  and  then  going  up  the  bulkhead  in  the 
same  bay.  The  distance  between  two  successive  measuring  points  was  about  1  m. 

A  typical  profile  of  current  densities  and  potentials  for  a  longitudinal  bulkhead  is 
shown  in  Pig.  6.  It  can  be  seen  that  up  to  4  m  the  current  density  is  almost  constant; 
then  it  decreases  smoothly  until,  at  9  m,  some  peaks  appear  which  are  not  reflected  in 
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tiie  potentials.  Differences  In  surface  conditions  of  the  steel,  i.e.  coverage  with  waxy 
sludge,  are  possibly  the  reason  for  this.  It  Is  interesting  to  note  that  the  potential  does 
not  follow  this  trend,  which  permits  tiie  conclusion  that  potentials  alone  are  not  necessarily 
an  adequate  yardstick  for  measuring  the  degree  of  protection. 

When  the  measured  current  densities  are  plotted  versus  the  potentials  for  one  large 
area,  an  impression  can  be  obtained  about  the  polarization  characteristics  of  this  surface. 
Such  a  plot  is  shown  in  Fig.  7,  which  reveals  a  striking  difference  between  the  points 
relating  to  the  vertical  bulkhead  and  those  to  the  bottom.  The  points  for  the  bulkhead  are 
on  or  fairly  close  to  the  curve  expected  for  oxygen  diffusion  controlled  corrosion.  From 
the  limiting  diffusion  current  a  current  demand  of  about  1*0  mA /nr  can  be  derived.  The  results 
for  the  bottom,  however,  do  not  show  any  saturation  effect,  the  potential  hardly  changes 
over  a  wide  range  of  current  densities.  Obviously  bottoms  require  a  considerably  higher 
current  density  to  obtain  protection. 

Another  interesting  phenomenon  occurred  when  doing  measurements  on  pipeline  sections 
in  a  tank.  Pipelines  in  large  crude  carriers  are  nowadays  often  made  of  nodular  cast  iron. 

Tto  obtain  the  flexibility  necessary  in  view  of  the  movements  a  ship  makes.  Joints  with  rubber 
glands,  etc.,  are  employed.  As  a  result  electrical  contacts  are  rather  poor,  and  if  no  addi¬ 
tional  anodes  are  plaoed  on  the  pipelines,  the  effect  of  cathodic  protection  leaves  much  to  be 
desired,  lr.  Fig.  8  it  is  shown  that  the  top  side  of  such  a  pipe  section  not  only  receives 
less  protective  current  than  the  bottom,  but  is  sometimes  even  sacrificed  to  the  protection 
of  the  bottom.  This  example  proves  clearly  how  a  difference  in  sludge  coverage  can 
lead  to  interaction  between  surfaces  and  that  it  stimulates  and  sustains  local  corrosion. 

It  has  become  quite  evident  that  the  cathodic  protection  of  such  pipelines  should  receive 
special  attention  so  as  to  prevent  premature  failure  by  pitting. 

Model  studies  and  theoretical  calculations  on  current  distribution 

Rounding  off  our  study,  we  attempted  to  collect  additional  data  on  the  protective 
current  distribution  in  a  cargo/ballast  tank  by  model  studies  and  a  theoretical  treatment  of 
the  problem.  In  particular  it  was  thought  that  by  these  methods  a  better  understanding  of 
the  Influence  of  geometry  and  anode  arrangement  can  be  obtained. 

The  protective  current  distribution  is  governed  by  the  resistance  between  the  electrodes. 
When  the  resistance  of  the  anodes  is  considered  to  be  constant,  there  are  two  variables  wlilch 
contribute  to  the  total  resistance: 

(1)  The  resistance  of  the  ballast  water  between  anodes  and  any  part  of  the  tank,  which 
depends  on  tank  geometry  and  water  conductivity; 

(2)  the  polarization  resistance  of  the  surface  to  be  protected,  because  the  steel  Itself 
sets  an  upper  limit  to  the  current  it  accepts. 

The  influence  of  geometry  and  anode  arrangement  was  assessed  in  scaled  models.  The 
contribution  of  the  polarization  was  made  negligible  by  using  alternating  Instead  of  direct 
current.  The  conductivity  of  the  water  used  was  adapted  to  the  scaling  factor  of  the  model. 
Our  model  represented  a  part  of  a  tank  where  the  current  distribution  etc.  had  been 
monitored,  so  that  model  tests  could  be  compared  with  field  data. 

Typical  current  distributions  near  bulkheads  are  shown  in  Fig.  9-  It  appeared  that 
with  the  anode  arrangement  as  In  this  case  -  i.e.  all  anodes  on  the  bottom,  the  bottom  and 
lower  part  of  the  bulkheads  only  receive  sufficient  protective  current.  Moving  the  anodes 
to  a  somewhat  higher  level  only  marginally  improves  the  current  distribution  with  respect  to 
bulkheads.  In  Table  2  field  and  model  current  densities  are  compared.  In  view  of  the  fact 
that  this  was  a  simplified  model,  the  agreement  is  very  good. 

In  order  to  account  for  the  effect  of  the  polarization  resistance,  a  more  definite  idea 
of  the  essential  role  of  the  geometrical  parameters  was  needed.  To  this  end  the  effect  of 
anode  geometry  and  location  was  investigated  theoretically  for  a  sphere  and  for  an  infinitely 
long  cylinder,  above  an  Infinitely  large  steel  plate.  These  cases  were  solved  analytically 
via  the  Green  function  approach  to  the  Laplace  equation.  There  was  a  fairly  good  agreement 
between  the  current  densities  calculated  with  the  aid  of  a  computer  program  and  those 
obtained  from  model  experiments.  Subsequently,  the  effect  of  a  potential-independent  polari¬ 
zation  resistance  was  studied  on  the  basis  of  an  extension  of  the  above-mentioned  analysis. 
Fig.  10  shows  the  dependence  of  anode  output  on  anode /cathode  distance,  with  the  polarization 
resistance  as  a  parameter.  For  a  number  of  polarization  resistances,  the  anode  output  shows 
a  maximum  at  a  certain  distance,  whereas  for  large  distances  the  output  does  not  depend  any 
more  on  the  anode/cathode  distance.  The  output  is  ther  nearly  equal  to  the  output  controlled 
by  the  anode  resistance,  which  is  completely  determined  by  the  shape  of  the  anode.  The 
relative  insensitivity  of  the  anode  output  as  a  function  of  the  polarization  resistance 
indicates  that  similar  results  are  to  be  expected  when  the  polarization  resistance  Is  no 
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longer  independent  of  the  potential.  In  contrast  with  the  anode  output,  however,  the  dis¬ 
tribution  of  the  current  depends  very  much  on  anode/cathode  distance  as  well  as  on  polariza¬ 
tion  resistance.  In  Fig.  11  an  example  is  given  of  the  relation  between  the  anode/cathode 
distance  and  the  area  receiving  a  current  density  which  is  greater  than  or  equal  to  a  certain 
fraction  of  the  initial  corrosion  current.  It  shows  that  this  area  yields  a  slight  maximum 
for  a  certain  distance,  which  is  caused  by  a  decrease  of  the  current  density  at  larger 
anode/cathode  distances,  and  a  decrease  of  anode  output  for  small  distances. 


Amsterdam,  6th  September  1972 
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Summarized  Discussion 

The  author's  interpretation  of  some  of  the  data  presented  was 
questioned:  the  potential  drop  onto  the  steel  surface  at  a  frontal  current 
density  of  200  ma/sq  m  is  60  wv/m  and  controls  the  current  density  onto  the 
steel,  it  was  asserted.  If  the  steel  surface  is  painted,  this  control  no 
longer  exists,  and  at  a  break  in  the  film  the  cathode  accepts  all  of  the 
current  available  and  polarizes  to  a  more  cathodic  potential.  This  reason¬ 
ing  would  explain  the  current/potential  curve  at  various  degrees  of  paint 
damage.  The  model  presented  by  the  author  was  said  to  be  scaled  ignoring 
the  foregoing  facet  of  the  control,  so  it  is  a  model  of  the  theory,  not 
necessarily  of  the  tank.  The  corrosion  of  the  pipes  in  the  tanks  was 
attributed  to  an  electrolysis  effect  caused  by  potential  variations. 

In  reply,  the  author  pointed  out  that  the  model  studies  considered 
only  unpainted  conditions;  for  damaged  spots  on  a  painted  surface  he  would 
concur  with  the  reasoning  above.  He  was  aware  of  a  number  of  cases  in 
which  electrolysis  (or  stray  current)  was  the  obvious  cause  of  pitting  of 
pipelines,  but  some  cases  could  not  be  so  attributed;  in  such  cases  he 
is  inclined  towards  a  macro-corrosion -cell  theory. 
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TABLE  1 


ESTIMATED  CURRENT  DENSITY  REQUIREMENTS  (mA/m2)  DURING  A  NUME1ER  OF  BALLAST  VOYAGES 


Bulkhead 

Unpainted  bottom 

Painted  bottom 

with  defects 

fron.Rpo! 

from  limiting 
current 

from  Rpol 

from  limiting 
current 

from  R  . 
pol 

50 

65 

20 

60 

600 

50 

• 

80 

200 

600 

50 

60  . 

180 

- 

700 

40 

40 

50 

- 

200 

60 

50 

50 

120 

300 

30 

80 

60 

400 

30 

30 

170 

180 

1250 

40 

80 

- 

1000 

30* 

35 

750 

40 

40 

50 

35 

Average  40 

45 

90 

120 

650 

TABLE  2 


PROTECTIVE  CURRENT  DENSITIES 


Location 

Derived  from  model 
mA/nr 

From  field  test 
mA/nr 

on 

transverse 

bulkhead 

1 .5  m  above 

bottom 

42.5 

50 

M 

n 

it 

2.6  m  n 

11 

20 

20 

w 

it 

n 

.5*6  ra  » 

11 

8.5 

10 

on 

bottom 

0.75  m  from 

transverse  bulkhead 

20 

39 

w 

it 

1.33  m  n 

11  11 

150 

54 
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CURRENT  DENSITY  (AMP/SOMI 


POTENTIAL  VS  SCE  (V) 

FIGURE  3 

EXAMPLE  OF  AN  EXPERILCNTAL  POLARIZATION  CURVE 
OF  A  BULKHEAD 


CURRENT  DENSITY  OF  HORIZONTAL  BARE  STEEL,  mA/m2 


FIGURE  4 

CURRENT  DENSITY  VERSUS  PAINT  DAMAGE 
OF  HORIZONTAL  PAINTED  STEEL 
RATIO  HORIZONTAL/VERTCAL  AREAS  •  1/2 
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FIGURE  5 

CURRENT  DENSITY  PROBE 

A  =  MEASURING  POSITION 

B  *  POSITION  FOR  DETERMINATION  OF  OFF-SET 
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•  CURRENT  DENSITY 

•  POTENTIAL 

i  ZINC  ANODE  ON  FORWARD  BULKHEAD 
i  ZINC  ANODE  ON  BOTTOM 


CURRENT  DENSITIES  AND  POTENTIALS 
ON  LONGITUDINAL  BULKHEAD 


CURRENT  DENSITY,  mA/m2 


APPROX  DISTANCE  FROM  AFT  BULKHEAD  ,m  OPEN 

BULKHEAD 

FIGURE  8 

CURRENT  DENSITIES  ON  TOP  AND  BOTTOM 
OF  A  CARGO  LINE 
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A.  Location  of  Facilities 

Port  Alfred  Harbor  is  located  at  the  end  of  a  nine-mile-long  bay  on 
the  Saguenay  River,  66  miles  upstream  from  the  St.  Lawrence  River.  Figure 
1  shows  the  location  of  the  harbor. 

B.  Harbor  Facilities  and  Design 

Originally,  the  harbor  had  two  wooden  wharves.  New  Powell  Wharf 
Berth  No.  1,  2  and  3  were  erected  during  1947-48.  It  consists  of  a 
concrete  deck  supported  by  2300  steel  H-piles  arranged  in  105  bents 
10-11  feet  apart.  Berth  No.  4,  built  in  1954-55  has  366  steel  H-piles. 

The  average  wetted  length  of  piles  during  high  tide  is  40  feet.  Powell 
Wharf  is  used  for  the  handling  of  metal,  paper,  oil,  caustic  and 
miscellaneous  cargoes. 

Frodingham  sheet  piles  (281)  were  used  for  362  feet  of  Bulkhead  south 
of  Powell  Wharf. 

The  wooden  structure  of  Duncan  Wharf  was  replaced  in  four  sections 
between  1953-64.  Sections  No.  1-4  consist  of  866  steel  H-piles.  During 
the  winter  of  1971-72,  the  wharf  was  extended  by  the  addition  of  Section 
No.  5  built  on  148  tubular  steel  piles  30  inches  in  diameter.  Simultaneously 
part  of  Section  No.  3  and  4  was  reinforced  by  two  rows  of  30  inches  diameter 
piles.  Duncan  Wharf  is  used  for  the  unloading  of  .bauxite,  coke,  salt  and 
other  bulk  materials. 

The  260  feet  long  bulkhead  between  Duncan  and  Powell  Wharves  consists 
of  190  Frodingham  sheet  piles. 

Figure  2  shows  the  harbor  layout. 

C.  Environmental  Conditions 


1.  Water 


The  bay  is  characterized  by  two  distinct  strata,  the  upper  layer  20  to 
25  feet  thick  consisting  of  river  water  contaminated  to  some  extent  by  sea¬ 
water,  and  the  lower  layer  consisting  of  seawater  diluted  to  a  degree  by 
fresh  water.  The  compositions  of  the  fresh  water  stratum  varies  with  time 
of  year,  tides  and  winds.  The  seawater  stratum  does  not  change  significantly 
throughout  the  year. 
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The  temperature  of  both  strata  remains  between  36  and  38*F.  throughout 
the  year. 

Typical  salinity  profiles  for  various  times  of  the  year  are  shown  in 
Figure  3. 

Discharge  of  effluents  from  the  neighboring  pulp  mill  have  led  to 
deposition  of  large  amounts  of  fine  organic  matter  within  the  harbor. 

Under  Powell  Wharf  this  organic  material  forms  a  layer  several  feet  thick. 
Water  analyses  at  the  bottom  have  shown  hydrogen  sulfide  levels  as  high  as 
3000  ppm.  The  pH  of  this  bottom  water  was  as  low  as  5.8,  a  marked  decrease 
from  the  normal  seawater  pH  of  8.1  measured  further  out  in  the  bay. 

Tidal  levels  in  the  bay  may  vary  as  much  as  24  feet,  and  strong  tidal 
currents  occur. 

The  bay  and  the  Saguenay  River  are  basically  free  from  marine  fouling. 
In  the  past  two  years  there  is  evidence  that  minor  fouling  by  a  bryozoan 
organism  is  increasing.  Occasionally  ships  bring  in  mussels  which  will 
live  for  a  short  while  in  the  saline  layer,  but  these  are  rare.  The 
fouling  that  does  exist  leads  to  a  slimy  formation  which  does  not  offer 
a  significant  barrier  to  protective  current. 

2. _ Ice 


Port  Alfred  experiences  climatic  extremes.  During  the  brief  summer 
the  temperature  may  reach  90*F  with  high  humidity,  while  in  winter,  which 
lasts  four  to  five  months,  the  temperature  may  stay  below  40*F  for  several 
weeks . 

During  winter  months  the  bay  freezes  over  with  ice  thicknesses  up  to 
3%  feet.  Beneath  wharves  all  piles  are  covered  with  ice  in  the  intertidal 
zone  with  thicknesses  up  to  6  feet.  In  addition,  tidal  action  leads  to 
formation  of  spherical  lumps  of  ice  which  may  range  up  to  5  feet  in  diameter. 
At  high  tide  these  spheres  tend  to  bridge  the  space  between  piles,  forming 
arches  which  become  cemented  together  in  time. 

Figure  4  shows  typical  conditions  beneath  the  wharves. 

Tidal  currents  and  wind  action  lead  to  an  accumulation  of  pack  ice 
up  to  25  feet  thick  in  various  areas. 

Since  the  harbor  must  be  operated  year  round,  two  icebreakers  are 
stationed  at  Port  Alfred. 

The  onset  of  warmer  weather,  occurring  approximately  in  the  middle  of 
April,  causes  the  accumulation  of  ice  to  drop  in  large  pieces.  These  pieces 
may  weigh  several  tons  (Figure  5). 

D.  Early  Cathodic  Protection  Designs 

Recognition  of  the  corrosivity  of  water  and  examinations  of  piling 
indicated  the  need  for  a  cathodic  protection  system.  Accordingly  in  the  fall 
of  1954,  a  cathodic  protection  system  was  designed  and  installed  on 
Powell  Wharf  Berth  No.  1  and  2  by  an  outside  consultant.  It  consisted  of 
955  graphite  anodes,  3  inches  diameter  x  60  inches  long  and  62  aluminum 
ingots.  The  anodes  were  installed  in  strings  at  the  mudline  between  the 
bents.  The  current  was  supplied  by  16  rectifiers,  240  amps,  12  volts  each. 

Although  protective  potential  was  achieved  in  some  sections  of  the 
wharf,  visual  inspection  indicated  unabated  corrosion  in  many  areas. 

In  December  1955,  the  cathodic  protection  for  Powell  Wharf  Berth  No.  4 
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was  energized.  It  consisted  of  3  rectifiers,  400  amps,  12  volts  each, 
supplying  current  to  15  steel  piles  3000  lbs.  installed  in  Pond  No.  1  and 
2,  and  16  large  carbon  blocks  installed  on  the  north  side  of  the  berth. 

The  above  designs  were  based  on  the  assumption  that  S  ma/sq.  ft. 
for  the  area  exposed  to  water  and  1  ma/sq. ft.  for  the  section  of  piles 
below  the  mudline  would  be  sufficient  to  protect  the  wharf. 

After  several  years  of  operation  and  continuous  difficulties  with  the 
maintenance  of  anodes  and  rectifiers  it  became  obvious  that  to  stop 
corrosion  a  much  higher  current  density  w*s  required.  Consequently  16  new 
rectifiers,  400  amps,  15  volts  each,  were  installed  in  December  1964. 

This  modification  greatly  iTicreased  current  on  the  main  Powell  Wharf  but  did 
not  improve  significantly  the  pile-to-water  potential. 

On  Duncan  Wharf  each,  new  section  replacing  the  wooden  structure  was 
cathodically  protected.  The  first  system  installed  on  Section  No.  2 
consisted  of  131  graphite  anodes,  divided  into  6  ground  bedr ,  and  one 
rectifier,  400  amps,  1?  volts.  The  anodes  4  inches  diameter  x  80  inches 
long  were  maintained  on  6  large  steel  racks  100  feet  north  of  the  wharf. 

It  soon  became  obvious  that  the  protective  current  was  not  going 
beyond  the  first  2  rows  of  piles  located  nearest  the  graphite  bed> . 
Consequently,  this  design  was  abandoned  in  favor  of  anodes  installed  in 
strings  at  the  mudline  between  bents. 

The  entire  protection  of  the  4  new  sections  of  Duncan  Wharf  consisted 
of  11  rectifiers  supplying  3700  amps,  12  volts,  and  426  graphite  anodes, 

4  inches  diameter  x  80  inches  long. 

The  annual  loss  of  anodes  or  strings  was  extensive.  During  the  14 
years  of  operation  between  1954-68,  1474  anodes  were  installed  with  the 
original  design  and  additional  1986  anodes  due  to  maintenance  for  a  total 
of  3466  anodes  or  260,000  lbs.  of  graphite.  None  of  this  graphite  could  be 
recovered. 

The  failure  of  anodes  and  strings  was  due  to  mechanical  damage  by  ice, 
turbulence  of  water,  breakage  and  general  deterioration  of  cables.  Most 
damage  occurred  in  shallow  water  where  the  ice  or  debris  simply  broke  or 
ripped  off  the  anodes.  The  anode-cable  connection  was  not  strong  enough 
to  take  the  continuous  movement  and  rolling  of  anodes  due  to  tides  and 
propeller  wash.  Some  anodes  contained  hidden  defects  which  could  not  be 
detected  before  installation.  The  cable  insulation  was  too  thin  and  too 
weak  to  take  the  mechanical  abuse  duo  to  movements  of  debris  at  the  mudline 
and  low  temperature  of  water. 

Because  of  differences  in  salinity  and  in  the  level  of  the  mudline, 
anodes  attached  to  the  same  string  were  operating  at  greatly  different 
current  densities.  Anodes  located  at  the  low  end  of  a  string,  where  the 
water  was  deeper  and  had  higher  salinity,  were  discharging  nany  times  the 
amount  of  current  discharged  by  anodes  of  the  same  string  but  located  at 
higher  ground  where  the  salinity  and  the  conductivity  of  water  were  lower. 
This  caused  rapid  consumption  of  anodes  in  the  deeper  end  of  the  wharf 
which  has  longest  piles  and  requires  more  protection. 

The  average  cost  of  installation  and  of  maintenance  of  the  cathodic 
protection  from  1954-66  was  approximately  $35,000  per  year. 

E.  Re-Assessment  of  Protection  Requirements 

A  detailed  survey  of  piling  beneath  the  wharves  in  1967-68  indicated 
severe  metal  loss  immediately  below  the  capping  beam  and  in  the  zone  around 
low  tide.  (Fig.  6)  Accordingly,  a  long-term  rehabilitation  program  was 


instituted. 

The  upper  ends  of  piles  (splash  zone),  where  severe  localized  corrosion 
occurred,  were  built  up  by  welding,  reinforced  with  steel  plates,  sand¬ 
blasted  and  coated  with  a  tar-epoxy  underwater  curing  compound  formulated 
for  this  application. 

The  experience  encountered  in  weaknesses  of  earlier  designs  and  the 
observed  corrosion  of  piling  in  immersed  areas  led  to  the  formulation  of 
new  criteria  for  a  cathodic  protection  system: 

1.  It  must  withstand  the  action  of  pack  ice  and  ice  build-up  on 
piles  beneath  the  wharves. 

2.  It  must  withstand  turbulence  from  tidal  action  and  propeller  thrust. 

3.  It  must  distribute  current  uniformly  in  both  fresh  and  saline 
layers. 

4.  It  must  be  easily  replaceable  and/or  repairable. 

5.  It  must  give  a  15-year  minimum  life. 

6.  It  must  be  effective  immediately. 

F.  Field  Studies  to  Determine  Design  Parameters 

During  the  summer  of  1968,  a  program  was  initiated  to  establish 
variations  in  salinity  and  thickness  of  the  two  water  strata.  Early  results 
showed  conclusively  the  need  for  two  separate  protection  systems,  one  at 
or  near  the  bottom  in  seawater,  and  the  other  near  low  tide  generally  in 
fresh  water.  To  determine  the  vertical  and  horizontal  distribution  of 
anodes  in  these  two  systems  an  experimental  cathodic  protection  system  was 
installed  on  Powell  Wharf  Berth  No.  3.  It  consisted  of  several  anodes 
located  at  the  bottom  and  several  more  at  low  tide  level  fed  from  two 
separate  rectifiers.  Individual  anodes  were  moved  by  pulleys  both  vertically 
and  horizontally  to  determine  the  configuration  providing  optimum  protective 
potentials  on  all  surrounding  piles. 

These  tests  led  to  the  design  of  a  complete  system  for  Powell  Berth  No. 

3  consisting  of  one  rectifier  supplying  current  to  25  carbon  anodes  (750  lb. 
each)  on  the  ocean  bottom  and  a  second  rectifier  feeding  25  lead-silver 
plate-type  anodes  (17  x  17  inches,  56  lbs.)  mounted  on  anchored  plastic 
floats  (Fig.  7).  This  system  was  considered  to  be  experimental  for  the 
purpose  of  evaluating  the  effects  of  ice  and  currents. 

The  inspection  of  this  system  in  the  spring  of  1969  revealed  excellent 
protection  of  piling  to  essentially  full  tide  and  good  condition  of  floating 
anodes.  No  anodes  were  lost  in  spite  of  several  bottom  anodes  and  floats 
with  anchors  being  moved  from  their  original  positions  by  tides  and  propeller 
wash.  The  consumption  of  carbon  anodes  was  high  and  records  of  subsequent 
years  have  shown  that  they  are  not  practical  cathodic  p.'-o  tec  lion  anodes. 

The  lead-silver  anodes,  while  performing  adequately,  have  shown  over 
the  years  a  localized  wastage  near  the  center  (close  to  the  cable  attach¬ 
ment)  and  require  a  higher  driving  potential  than  graphite. 

G.  Design  for  Powell  Wharf  Berth  No.  4 

Experience  after  one  year’s  operation  of  Powell  Berth  No.  3  showed 
that  improvements  in  anode  material,  cable,  connectors,  conduits  and  wiring 
techniques  were  necessary.  The  design  for  Powell  Berth  No.  4  incorporated 
Alcan-Grade  high-density  resin-saturated  graphite  anodes  (12  inch  diameter. 
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10  inches  high,  75  lbs.)  for  both  upper  and  lower  levels. 

1  Upper  System 

This  system  consisted  of  103  anodes,  91  of  them  rigidly  fixed  on 
horizontal  continuations  of  2**  inch  pipe  conduit,  one  foot  below  zero 
water  level  (-1.0  ft.)  and  12  on  new  cylindrical  glass-fiber/polyester 
floats.  These  floats  were  anchored  by  ropes  to  horizontal  sections  of 
conduits  located  at  -8.0  ft.  These  anodes  were  served  by  two  rectifiers. 

The  decision  to  install  only  12  floating  anodes  was  made  because  of 
the  high  cost  of  floats  and  concern  about  their  resistance  to  ice  surround¬ 
ing  them  at  low  tide. 

2 .  Lower  System 

It  consisted  of  102  anodes  installed  on  2%  inch  conduit  at  the  bottom. 
These  were  served  by  two  rectifiers.  The  overall  design  is  shown  in 
Exhibit  40. 

The  first  winter's  operation  demonstrated  clearly  that  the  decision 
to  use  rigidly  fixed  upper  level  anodes  was  a  mistake.  All  91  anode 
assemblies  were  damaged  to  some  extend,  whereas  the  12  floating  anodes  on 
Powell  Berth  No.  4,  and  25  on  Powell  Berth  No.  3  were  undamaged.  The  91 
rigidly  fixed  anodes  continued  to  operate  in  spite  of  the  conduit  being 
bent  downward  and  some  anodes  being  ripped  off  the  brackets  and  holding 
plates  (Fig.  8). 

It  was  obvious  that  damage  resulted  from  direct  impact  of  large 
masses  of  ice,  not  from  downward  thrust  of  pack  ice.  Significantly,  the 
floats  yielded  under  impact  without  incurring  damage.  This  experience 
showed  that  it  was  futile  to  design  a  rigid  structure  to  withstand  ice 
impacts — it  was  necessary  instead  to  design  an  assembly  which  yielded  and 
then  sprang  back. 

Excellent  protection  was  afforded  by  the  system  to  piling.  Measure¬ 
ment  of  potentials  and  observation  of  pile  surfaces  indicated  full  protection 
to  half  tide  level  with  significant  protection  even  at  high  tide  level. 

The  provision  of  an  upper  level  of  anodes  gave  good  protection  to  steel 
whenever  it  was  immersed  and  residual  polarization  reduced  corrosion  of 
steel  exposed  when  the  tide  dropped. 

All  upper  level  anode  assemblies  are  gradually  being  replaced  by 
floating-type  anodes,  tethered  by  ropes  to  the  piling.  The  excellent 
experience  with  the  cylindrical  plastic  floats  has  lead  to  their  general 
use  where  space  is  not  a  problem. 

The  float  design  is  based  on  a  number  of  considerations: 

1.  It  must  permit  the  anodes  to  be  mounted  on  the  top  to  "throw" 
the  current  upward. 

2.  It  must  have  a  low  center  of  gravity  to  prevent  the  assembly  from 
turning  upside  down,  hence,  some  counterweighting  is  necessary. 

3.  It  must  be  adequately  buoyant  to  hold  the  75  lb.  anode  and  to  pro¬ 
vide  at  least  another  25  lb.  upward  thrust  to  hold  itself  in 
position. 

4.  It  must  be  robust  enough  to  withstand  buffeting  by  ice. 

The  details  of  this  instrumentation  are  outside  the  scope  of  this 
paper. 
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H.  Designs  for  Remaining  Wharves 

The  remaining  wharves  not  protected  as  of  the  spring  of  1970  were: 
Powell  Wharf,  Berths  No.  1  and  2;  Duncan  Wharf,  Sections  No.  1  through  4; 
and  Duncan  Wharf  Extension,  or  Duncan  Section  No.  S. 

Of  these,  the  Duncan  Extension  was  different  in  that  it  was  constructed 
from  30  inch  pipe  piles  filled  with  concrete  rather  than  H-piles.  Since 
it  was  not  completed  until  late  in  1971,  it  was  the  last  section  to  receive 
a  measure  of  protection. 

The  designs  proven  on  Powell  Berths  No.  3  and  4  were  extended  to  the 
remaining  structure,  viz.  no  of  two  levels  of  anodes,  the  top  supported 
on  floats  anchored  just  below  low  tide  level.  These  designs  worked 
extremely  well  in  those  areas  where  there  was  deep  water  (10  feet  at^least) 
even  at  low  tide. 

The  in-shore  ends  of  both  Powell  and  Duncan  Wharves  posed  new  problems. 
At  low  tide  much  of  the  area  is  dry  or  covered  by  only  a  few  feet  of  water 
principally  on  the  west  sides  of  Powell  Berth  No.  1  and  Duncan  Sections  No. 
1,  2  and  3  where  ships  do  not  moor  at  any  time.  Since  floating  anodes 
would  clearly  be  of  no  use  here,  and  since  heavy  abuse  from  ice  was  antici¬ 
pated,  a  new  design  was  developed  using  a  12  inch  diameter  by  36  inch 
graphite  electrode.  This  was  buried  two-thirds  in  the  ground  with  the 
anode  lead  entering  the  bottom  end,  protected  by  a  wooden  box,  and  laid  in 
a  trench  to  conduit  on  the  nearest  pile.  These  "shallow-water"  anodes  have 
withstood  two  winters  without  damage  by  ice.  The  graphite  has  proved  to 
be  remarkably  tough  and  strong.  Figure  9  shows  typical  installations. 

In  those  areas  with  about  five  feet  or  less  of  water  at  low  tide,  a 
conventional  anode  rigidly  fixed  to  a  bracket  set  at  the  mudline  was 
adopted.  This  arrangement  is  necessary  where  the  ground  slopes  and  a 
"shallow"  water  anode  could  not  be  placed,  or  where  the  cost  of  working 
under  water  to  place  an  anode  was  prohibitive. 

Other  anode  assemblies  on  Powell  Berth  No.  1  and  2  and  Duncan  Berths 
No.  1  through  5  utilized  a  12  inch  diameter  by  15  inch  graphite  anode 
rather  than  the  12  x  10  inch  anode  used  previously.  This  size  was  selected 
to  lower  circuit  resistance  and  to  ensure  a  longer  life  (Fig.  10). 

The  ice  damage  beneath  Duncan  Wharf  exceeded  all  expectations.  Even 
though  the  smallest  conduit  used  was  l*s  inch  pipe  securely  strapped  to 
piles,  the  weight  of  ice  ripped  off,  broke  and  bent  it.  Figure  11  shows 
typical  damage  resulting  from  the  winter  of  1970-71.  As  a  consequence, 
it  is  now  standard  practice  to  use  2*s  inch  pipe  as  conduit  attached  every 
30  inches  to  piling  with  welded  steel  straps,  and  constructed  to  conform 
to  the  profile  of  piles  and  capping  beams.  No  fillets  where  ice  can  collect 
are  permitted.  The  damage  perhaps  is  not  surprising  in  view  of  ice  build¬ 
up. 


The  damaged  conduits  were  re-installed  using  the  new  criteria,  and 
they,  and  other  conduits  placed  in  the  summer  of  1971,  survived  the  winter 
of  1971-72  with  negligible  damage. 

I.  Rectifiers 

All  rectifiers  are  oil-immersed  with  either  selenium  oxide  or  silicon 
dioxide  plates.  The  original  rectifiers  used  for  the  early  protection 
systems  have  proven  to  be  adequate  for  the  new  system  and  no  purchase  of 
new  units  is  anticipated.  Routine  maintenance  by  the  Port  electrical 
personnel  ensure  continued  efficient  operation. 

The  following  numbers  and  capacities  of  rectifiers  are  installed: 
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Location 

Quantity 

Total  Amperes 

Powell  Berths  No. 

1  and  2 

16 

6400 

Powell  Berth  No.  3 

2 

1050 

Powell  Berth  No.  4 

4 

1610 

Duncan  Sections 

No.  1-4 

11 

3710 

Duncan  Section  No.  5 

5 

1360 

Bulkhead  (between 
wharves) 

1 

240 

39 

14,370 

J. 

Bonding  of  Piles 

All  piles  within  one  bent  are  bonded  by  means  of  reinforcing  steel 
within  the  capping  beam.  Bonding  between  bents  has  been  achieved  by 
installing  a  continuous  four-square -inch  steel  bar  on  the  outside  piles 
immediately  below  the  capping  beam.  Each  pile  is  welded  to  the  bar,  and 
each  wharf,  in  effect,  is  ringed  by  the  bar.  This  bonding  is  essential  to 
good  current  distribution.  The  bond  is  coated  with  a  heavy  coal-tar-epoxy 
paint . 


K.  Wiring  System 

1.  Positive  Leads 

The  positive  leads  on  the  wharves  are  two  500  MCM  copper  cables,  each 
looped  for  the  wharf  length.  These  are  carried  in  aluminum  pipe  conduit 
well  above  deck  level.  Each  loop  is  served  by  a  separate  set  of  rectifiers 
floating  on  it.  One  loop  serves  high-level  (floating,  etc.)  anodes  while 
the  other  serves  deep-water  anodes.  The  two  levels,  therefore,  can  be 
adjusted  independently. 

On  all  of  the  Powell  Wharf  Berths,  individual  anode  leads  are  run 
back  to  the  appropriate  positive  busbar  and  attached  in  a  series  of 
junction  boxes  (Fig.  12).  Current  measuring  shunts  are  installed  in  each 
lead  or  provision  is  made  for  breaking  the  circuit  and  inserting  an  ammeter. 
If  necessary,  current  regulating  resistances  can  be  inserted  in  each  anode 
lead  (this  is  considered  improbable). 

On  Duncan  Wharf,  lateral  positive  leads  run  beneath  each  bent 
containing  anodes.  One  lateral  serves  high-level  and  the  other  deep-water 
anodes.  Each  anode  lead  is  attached  to  a  positive  lateral  and  a  current¬ 
measuring  shunt  is  encapsulated  in  the  splice.  Fine  potential  wires  lead 
directly  from  each  splice  to  the  junction  box  where  current  to  each  anode 
can  be  ready  directly. 

2.  Negative  Leads 

The  negative  lead  from  each  group  of  rectifiers  consists  of  a  500  MCM 
stranded  copper  cable  installed  in  its  own  conduit.  This  negative  busbar 
is  cross -connected  at  intervals  to  the  side  of  the  wharf  remote  from  the 
rectifiers  and  busbars.  This  is  normally  the  deep-water  side  of  each 
wharf.  This  procedure  has  been  followed  to  ensure  that  the  maximum  amount 
of  current  flows  to  the  deep  area.  The  precaution  may  appear  to  be  trivial, 
but  experience  has  shown  that  on  a  low-voltage  system  of  this  type  (4.5 
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volts  at  rectifier)  even  minute  differences  in  network  resistance  markedly 
affect  current  distribution. 

L.  Criteria  for  Protection 

A  pile  potential  of  minus  0.85  volts  referred  to  a  saturated  copper- 
copper  sulfate  half  cell  is  considered  to  represent  protection.  A  potential 
of  minus  0.95  volts  is  preferred.  All  potentials  are  measured  with  the 
half  cell  as  close  as  possible  to  the  pile  to  ensure  that  a  "point" 
potential  is  obtained. 

Experience  by  Riedl  and  Levelton  elsewhere  has  shown  that  a  heavy 
fouling  layer  can  lead  to  erroneous  potential  values  (generally  too  high). 
Tests  were  made  at  Port  Alfred  with  a  diver  holding  an  electrode  at 
various  distances  less  than  one  foot  from  the  pile.  On  cleaned  and 
uncleaned  piles  (at  Port  Alfred  fouling  is  insignif icant)no  significant 
differences  in  potential  was  found  with  the  electrode  held  directly  against 
the  pile  and  held  at  distances  up  to  one  foot  away. 

Extreme  caution  in  areas  near  anodes  is  essential.  A  significant 
potential  gradient  exists  in  the  water  near  anodes  so  that  an  electrode 
remote  from  the  pile  yields  fallacious  readings. 

The  presence  of  a  so-called  calcareous  deposit  in  those  areas 
continuously  receiving  high  current  density  is  common  and  is  indicative 
of  effective  cathodic  protection.  Generally ,  such  deposits  tend  to  form 
in  the  vicinity  of  anodes  where  current  density  is  high  and  potential  is 
also  high  as  a  consequence.  These  deposits  consist  principally  of 
magnesium  hydroxide,  precipitated  from  seawater  by  the  caustic  developed 
at  the  cathodes  (piles),  with  lesser  amounts  of  calcium  salts. 

At  Port  Alfred,  the  appearance  of  well  protected  piles  is  unmistakable. 
After  something  more  than  one  year  of  full  protection  old  corrosion  scales, 
tubercles,  and  the  like  fall  off,  leaving  a  clean  gray  surface  which  shows 
in  detail  all  past  corrosive  attack.  The  metal  almost  appears  to  have  been 
acid  cleaned  except  that  the  surface  is  dull. 

The  protective  current  density  developed  by  studies  on  all  systems 
is  approximately  10  milliamperes  per  sq.  ft.  There  are  distinct  hazards 
in  arbitrarily  selecting  an  average  or  mean  current  density  for  design  of 
systems.  Unless  excellent  current  distribution  is  planned  for  and  achieved, 
an  average  value  is  of  little  value  because  some  areas  may  well  be  below 
the  protective  current  density  while  others  are  overprotected. 

M.  Monitoring 

In  order  to  ensure  that  the  wharves  are  being  protected  and  to  detect 
damage  to  anodes,  rectifiers,  and  leads,  routine  monitoring  by  Port  personnel 
has  been  instituted.  This  involves: 

1.  Automatic  recording  of  potential  year  round  at  permanent  reference 
electrodes  mounted  on  Duncan  Wharf  and  Powell  Wharf. 

2.  Complete  potential  surveys  of  all  wharves  during  the  summer, 
using  a  boat  and  portable  reference  cell. 

3.  Checks  of  rectifier  operation  every  month. 

4.  Recording  of  individual  anode  current  outputs  every  two  months. 

This  program  not  only  ensures  that  wharves  are  protected  but  it 
indicates  the  location  of  failed  components  and  allows  for  a  planned 
maintenance  program. 


N.  Instrumentation 


Concurrent  with  the  design  and  installation  of  cathodic  protection 
systems  was  the  development  of  an  instrumentation  system  to  gather  data 
on  their  performance.  This  instrumentation  was  not  intended  to  supplant 
routine  pile-to-water  potential  surveys,  but  rather  to  record  in  detail 
the  conditions  at  a  number  of  selected  sites.  These  detailed  findings 
could  then  be  extrapolated  to  other  areas  by  means  of  data  obtained  by 
routine  surveys. 

In  essence,  the  instrumentation  program  was: 

1.  Aim 

To  automatically  record  pile  potentials  and  anode  current  outputs 

at  predetermined  times  at  a  number  of  locations. 

2 .  Method 

(a)  Timer  -  Programmed  punched-tape  timer  with  a  three  month 
capacity,  capable  of  actuating  four  scanners. 

(b)  Scanners  -  Two  installed  with  20  and  50  channels — multi¬ 
range  channels. 

(c)  Potential  recorders  -  These  consist  of  a  modified  recording 
chart  potentiometer  and  an  automatic  vertical  potential 
profile  scanner. 

0.  Operating  Data  for  the  System 

The  system  has  been  designed  so  that  20%  of  anodes  can  be  lost  without 
impairing  protection  (this  assumes  general  rather  than  localized  loss). 

Trials  to  date  have  shown  that  the  safety  factor  may  actually  be  higher 
because,  in  addition  to  good  current  distribution,  extra  rectifier  capacity 
is  available.  While  the  system  in  its  entirety  has  not  been  operative  for 
an  adequate  time  to  establish  maintenance  requirements,  there  are  indications 
that  less  than  5%  anode  loss  per  year  will  be  experienced. 

By  the  end  of  1973,  some  1900  anodes  of  all  kinds,  served  by  39 
rectifiers  and  delivering  14,370  amperes  will  be  operative.  The  maximum 
area  of  steel  protected  is  in  the  order  of  1,000,000  sq.  ft.  It  is 
anticipated  that  the  cost  of  the  six-year  rehabilitation  program  will  be 
approximately  2.5  million  dollars. 

The  steel  piling  beneath  the  wharves  are  fully  protected  to  half  tide 
level,  and  the  very  serious  corrosion  occurring  near  low  tide  level  has 
been  completely  arrested. 

The  program  at  Port  Alfred  represents  a  significant  contribution  to 
cathodic  protection  design  and  installation  under  unusual  conditions. 

It  has  been  achieved  through  a  major  evaluation  of  materials  and  a  detailed 
study  of  water  and  ice  conditions  at  the  harbor. 
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Figure  1:  Wharves  at  Port  Alfred 
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Figure  2:  Plan  of  Wharves  at  Port  Alfred 


Figure  4: 

Pool  1,  Powell  Wharf  in  Midwinter, 
Low  Tide 


Figure  3: 

Salinity  of  Water  Vs.  Depth 


Figure  6: 

Two  H-Piles,  Bottom  Bonded  to 
Cathodic  Protection  System,  Top 
Unprotected,  Approximately  15 
Years  Service. 


Figure  S: 

Ice  Fallen  Beneath  Powell  Berth  1 


Figure  8: 

Anode  Torn  from  Mounting  Plate  by  Ice,  Still 
Operative. 


Figure  7: 

Schematic  Arrangement 
Anodes  on  Powell 
Berth  3. 
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Figure  10: 

Bottom  Anode  Used  on  Powsll  Berths  1 
and  2  where  Bottom  Sediments  Preclude 
Digging. 


Figure  9: 

Schematic  Arrangement  of  Bottom 
Anode . 


Figure  11:  Figure  12: 

2>*-inch  Conduit  Ripped  From  Anode  Connections  and  Current-Measuring 

Brackets,  Duncan  Wharf.  Shunts,  Powell  Berth  4. 
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Summarized  Discussion 


In  reply  to  a  question,  the  authors  reported  that  in  zones  where 
anerobic  conditions  exist,  protection  of  steel  piling  was  achieved  at 
“0.85  to  -0.90  V.  They  also  explained  that  although  foamed  glass  would 
probably  have  been  better  to  use  for  anode  floats,  the  foaming  had  to  be 
done  on  the  site;  in  consideration  of  this,  they  selected  foamed  poly¬ 
urethane  inside  polyester  for  the  floats. 

Replying  to  other  questioning,  the  authors  explained  that  the  areas 
of  most  severe  localized  corrosion  were  at  the  concrete  caps  and  at  mean 
low  tide.  The  caps  were  not  of  the  highest  quality,  they  were  in  the  true 
splash  zone,  and  consequently,  they  were  always  wet.  The  concentration 
of  attack  near  the  low  tide  level  was  attributed  to  the  fact  that  the 
piling  in  the  tidal  zone  tended  to  be  cathodic,  drawing  current  from  and 
causing  corrosion  of  the  steel  near  the  low  tide  level.  It  was  from  such 
considerations  that  the  positioning  of  the  anodes  was  determined. 
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Steel.  Concrete  and  Salt  Water 


Israel  Cornet 

Department  of  Mechanical  Engineering 
University  of  California,  Berkeley 
Berkeley,  California,  94720 


Steel  In  concrete  structures  Is  vulnerable  to  corrosion  when  appre¬ 
ciable  concentrations  of  chloride  ion  reach  the  steel  surface.  Concrete 
of  proper  composition,  sufficient  thickness  of  cover,  and  proper  place¬ 
ment  Is  essential  for  protection,  but  even  such  concrete  may  not  be 
sufficient  to  give  adequate  maintenance-free  performance  in  severe  ex¬ 
posures. 

High  strength  steel  under  high  stress  In  concrete  may  require  pre¬ 
cautions  such  as  exclusion  of  sulfide-containing  aggregate. 

Sometimes  steel  In  concrete  structures  Is  subject  to  damage  by 
stray  current  from  cathodic  protection  of  pipelines  or  other  sources. 
Prestressed  concrete  piling  may  present  special  problems  if  stray 
currents  are  present. 

Galvanized  reinforcement,  or  possibly  cathodic  protection  of  the 
steel  may  be  of  Interest. 

Key  words:  Steel:  concrete;  salt  water;  corrosion;  cathodic  pro¬ 
tection;  stress  cracking;  hydrogen  sulfide  embrittlement. 


1.  Introduction 

Steel  Is  passive  In  a  saturated  aqueous  solution  of  calcium  hydroxide  (1,  2)1  A  film 
of  saturated  hydrated  Iron  oxide  coats  the  steel  and  prevents  further  oxidation.  Cured 
Portland  cement  concrete  has  a  pH  about  12.4,  and  resembles  the  chemical  characteristics  of 
a  saturated  calcium  t\ydrox1de  solution  sufficiently  that  such  solutions  are  often  used  to 
simulate  a  concrete-water  environment  (1-3). 

If  sodium  chloride  In  sufficient  quantity  Is  added  to  a  saturated  calcium  hydroxide 
solution,  or  to  concrete,  the  film  formed  on  steel  In  such  media  loses  some  of  Its  protec¬ 
tive  quality.  There  Is  a  shift  of  electrochemical  potential  and  the  steel  becomes  suscep¬ 
tible  to  pitting  and  to  general  corrosion  (4).  The  concentration  of  chloride  Ion  at  which 
steel  becomes  vulnerable  to  corrosion  In  saturated  calcium  hydroxide  solution  Is  0.02  molal 
(aerated  solution)  (1,  2)  to  0.08  molal  (nitrogen  saturated  solution)  (5).  This  corre¬ 
sponds  to  a  range  of  1200  to  5000  parts  per  million  of  sodium  chloride.  Concentration 
limits  may  be  a  function  of  temperature  and  relative  humidity  also.  It  has  been  demon¬ 
strated  that  there  Is  a  critical  relative  humidity  for  steel  In  concrete,  so  that  corrosion 
will  be  stifled  If  the  relative  humidity  Is  low  enough  (6).  On  the  other  hand  It  should  be 
noted  that  corrosion  of  steel  In  concrete  can  occur  although  no  standing  water  is  present 
ind  the  relative  humidity  Is  less  than  100*  (7). 

Although  concrete  cover  be  of  good  quality  and  thickness.  It  still  possesses  some 
permeability  to  water,  salt,  and  oxygen.  In  an  aggressive  marine  environment  It  Is  only  a 
question  of  time  before  corrosion  attacks  steel  In  concrete.  Deterioration  processes  may 
be  considered  In  steps.  Imagine  a  reinforced  concrete  pile  to  be  driven  into  a  saline 
water.  There  Is  an  Induction  time,  say  1  year  for  1  Inch  of  ?  sack  concrete  cover,  during 
which  chlorides  must  diffuse  through  the  concrete  (8).  During  this  period  the  steel  dis¬ 
plays  a  passive  potential.  When  chloride  Ion  at  the  metal -concrete  Interface  reaches  a 
high  enough  concentration,  the  protective  film  of  Iron  oxide  breaks  down,  and  the  steel  Is 
no  longer  passive.  The  half  cell  potential  of  the  steel  shifts  to  an  active  value.  In 
field  structures  there  would  be  zones  where  there  are  concentration  cells,  due  to  differ¬ 
ences  In  chloride  Ion  and  especially  differences  In  oxygen  concentration.  There  can  thus 
be  a  quarter  to  a  half  volt  difference  In  potential  between  different  parts  of  the  steel, 
and  this  galvanic  cell  can  drive  the  corrosion  reaction. 

figures  in  parentheses  indicate  the  literature  references  at  the  end  of  mis  paper. 
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The  chloride  Ion  at  high  concentration  has  several  effects  In  concrete.  It  reduces 
the  electrical  resistivity  of  concrete  (8),  thus  decreasing  the  total  resistance  of  the 
electrochemical  circuit  and  Increasing  the  corrosion  current  (which  Is  equivalent  to  In¬ 
creasing  the  rate  of  corrosion).  Sodium  chloride  added  to  calcium  hydroxide  solution  will 
Itself  lower  the  pH  (9).  In  concrete  the  chloride  Ion  not  only  renders  steel  active  o* 
anodic,  but  as  the  anodic  reaction  progresses  the  local  pH  drops  drastically  to  4,  or  even 
to  3  In  local  pits.  Ferrous  Ion  at  this  pH  Is  soluble,  and  diffuses  away  from  the  steel 
surface  to  precipitate  where  the  pH  Is  higher  and  build  up  a  hydrated  oxide  corrosion  prod¬ 
uct,  beneath  which  the  corrosion  reaction  continues.  The  corrosion  product  Is  lower  In 
density  than  the  steel  corroded  away.  In  fact  the  volume  of  the  product  may  be  double  the 
volume  of  the  steel  replaced.  Pressure  builds  up  due  to  the  confined  corrosion  product, 
putting  concrete  in  tension  and  causing  the  concrete  to  crack  and  spall. 

The  corrosion  of  steel  In  concrete  tends  to  be  a  problem  in  marine  environments,  par¬ 
ticularly  where  there  Is  exposure  to  salt  spray,  to  alternate  wetting  and  dryinn  as  In  a 
tidal  zone,  to  repeated  freezing  and  thawing,  where  deicing  salts  are  used,  and  where  air 
conditioning  Is  used  (lO). 

Experience  has  shown  that  certain  concrete  structures  are  more  durable  and  require 
less  maintenance  than  others  in  an  agresslve  marine  environment.  Quality  of  the  construc¬ 
tion  materials,  mix  proportions  of  the  concrete,  proper  curing,  and  particularly  the  thick¬ 
ness  of  cover  over  the  steel  and  the  quality  of  workmanship  affect  the  durability. 

Before  we  examine  the  effect  of  thickness  of  cover  in  detail,  let  us  review  other 
factors  which  affect  quality  and  durabllty. 

2.  Construction  Materials 

Water  used  In  concrete  mixing  should  be  potable  and  free  of  harmful  corrosive  elements 
(11,  12).  Tests  have  shown  that  concrete  mixed  with  sea  water  corrodes  more  quickly  than 
concrete  mixed  with  pure  water  (9).  When  water  quality  is  in  doubt,  a  comparison  Is 
usually  made  of  mortar  made  with  pure  water  »rtd  mortar  made  with  the  water  to  be  tested. 

The  basis  of  comparison  is  most  often  the  setting  time  and  the  14  day  compressive  strength 
(12).  However,  these  test  results  can  sometimes  be  misleading. 

Aggregate  should  be  clean  (12)  (washed  with  pure  water),  non-reactlve  (13,  14),  and 
well-graded  (15).  Depending  on  Intended  use,  abrasion  resistance  should  also  be  taken  Into 
consideration.  The  usual  size  of  maximum  coarse  aggregate  used  In  marine  construction 
(covering  steel  reinforcement)  Is  between  3/4  in.  and  1-1/2  in.  Other  studies  have  shown 
Improved  results  when  the  coefficient  of  thermal  expansion  of  the  aggregate  Is  near  to  that 
of  the  mortar  (16,  17). 

Portland  Cement  type  V  (or  type  II  as  a  second  choice)  Is  considered  the  most  suitable 
for  marine  environments.  Studies  have  shown  that  these  cements,  and  others  with  low  C,A 
content,  usually  give  the  best  results.  It  has  been  observed  that  sulphate  resistance  J 
decreases  with  Increased  C.A  content,  although  there  have  been  exceptions  (13,  18,  19). 
For  construction  In  marine  environments,  the  recommended  maximum  limit  for  C,A  content  Is 
5%  to  8*  (13).  Addition  of  pozzolan  has  been  shown  to  Increase  the  life  expectancy  (mix 
proportions  might  be  something  like  2  parts  Portland  cement  to  1  part  pozzolan)  (18,  20). 

The  use  of  air  entraining  agents  Increases  the  durability  of  concrete,  especially  when 
It  is  to  be  exposed  to  freezing  and  thawing  (16,  18,  20-24).  It  also  shows  Increased 
resistance  to  the  effects  of  deicing  chemicals.  Recommended  air  content  Is  between  2*  and 
651  (25-27).  Too  much  air  decreases  the  strength  of  the  concrete  and  Its  resistance  to 
abrasion  (28).  The  optimum  air  content  will  be  Influenced  by  the  size  of  the  largest  ag¬ 
gregate  used  (25,  28).  Also,  If  galvanized  steel  Is  used,  the  air  entraining  agent 
selected  must  be  compatible  with  this  type  of  steel  (29).  The  use  of  air  entraining  agents 
reduces  the  amount  of  water  required  to  produce  a  mix  of  the  same  cement  factor  and  work¬ 
ability  (30). 


3.  Concrete  Mix  Proportions 

To  offer  greater  resistance  to  the  diffusion  of  environmental  elements.  It  Is  deslr 
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able  to  obtain  a  dense,  non-porous  concrete. 

Porosity  Increases  with  Increased  water  to  cement  ratio,  so  the  lowest  water  to  cement 
ratio  which  gives  a  concrete  of  good  workability  would  be  most  suitable.  Best  results  have 
been  obtained  with  a  water  to  cement  ratio  of  .4  to  .45,  or  about  4-1/2  to  5  gallons  per 
sack  (15,  19,  28,  31).  If  an  air  entraining  agent  Is  used,  this  value  will  be  somewhat 
less  (30). 

Density  Increases  with  Increased  cement  content,  so  a  high  cement  content  would  be 
bes*\  For  construction  In  marine  environments,  the  recommended  value  for  cement  content  Is 
6  to  7  sacks  of  cement  per  cubic  yard  (14,  23,  28). 

Recommended  slump  value  Is  about  3  In  maximum  (32,  20,  33).  The  mix  should  be  plastic. 

4.  Curing 

Proper  curing  Is  an  Important  part  of  obtaining  high  quality  concrete.  Recommendations 
Include  moist  curing  for  at  least  14  days (15,  28).  Also,  more  favorable  results  are 
obtained  with  concrete  which  has  been  thoroughly  dried  before  exposure  to  freezing  and 
thawing  (20,  26). 

5.  Thickness  of  Cover 

The  purposes  of  obtaining  a  sufficiently  thick  concrete  cover  over  the  reinforcement 
are:  weight,  prevention  of  buckling  under  compression,  protection  from  a  corrosive  environ¬ 
ment,  and  resistance  to  the  expanding  force  of  the  corrosion  product.  In  the  United  States, 
the  standard  recommendation  for  thickness  of  cover  Is  3  In  of  6  to  7  sack  concrete.  Some 
have  stated  that  any  thickness,  even  as  little  as  1/4  In  (6)  as  long  as  the  concrete  Is  of 
high  quality,  will  be  sufficient.  Though  In  some  cases  this  may  be  true,  there  have  been 
many  failures  both  In  laboratory  tests  and  In  practice,  of  hlqh  quality  concrete  where  the 
coyer  was  on  the  order  of  1-1/2  In.  Many  feel  that  2  in  is  insufficient  (18,  19,  34),  and 
cite  examples  of  corroston  of  reinforcing  steelunder  a  concrete  cover  of  2  In  (33,  35,  36). 
Some  suggest  a  minimum  limit  of  2-1/2  In  of  cover  (31),  and  It  Is  Interesting  to  note  that 
one  of  these  suggestions  is  accompanied  by  a  recommendation  of  at  least  7-1/2  sacks  of 
cement  per  cubic  yard  (15),  a  stricter  recommendation  than  that  mentioned  above.  Most 
authorities  recommend  at  least  3  In  of  cover  with  a  cement  meeting  the  reconmendatlons  dis¬ 
cussed  above  (13,  28,  34,  37,  38).  Others  have  suggested  Increasing  the  cover  to  4  In  at 
corners  (14),  where  the  concrete  Is  subject  to  stronger  abrasive  forces.  Some  authorities 
suggest  a  minimum  of  4  In  of  cover  (13,  32).  It  Is  also  recommended  that  the  thickness  of 
cover  be  at  least  twice  the  diameter  of  the  largest  aggregate  used  (to  prevent  surface 
cracks  from  propagating  too  quickly  to  the  reinforcement)  (13),  and  at  least  one  to  two 
times  the  diameter  of  the  reinforcing  bar  It  covers  (20).  It  Is  extremely  Important  that 
the  concrete  cover  be  uniform  In  thickness  (9,  14).  It  must  be  kept  In  mind  that  the 
thickness  requirement  Is  closely  related  to  the  specifications  for  the  concrete  materials 
and  mix  proportions;  an  extra  Inch  of  cover  will  not  necessarily  make  up  for  too  porous 
concrete. 

Most  authorities  would  agree  that  by  following  the  above  specifications,  one  could 
obtain  a  reinforced  concrete  capable  of  lasting  more  than  50  years  in  a  marine  environment 
(37). 

Some  practical  questions  may  be  raised.  If  3  In  cover  were  specified,  but  only  1-1/2 
in  were  furnished,  how  much  would  the  durability  be  reduced?  Or  if  one  has  the  option  of 
getting  4  -1/2  In  of  cover,  what  premium  Is  It  worth?  One  must  turn  to  theory  or  to 
empirical  relations  to  answer  such  questions.  Four  test  models  have  been  presented  to 
account  for  the  effect  of  thickness  of  mortar  coatings.  In  the  range  of  3/8  In  to  1-1/2  in 
of  mortar  over  the  steel  (39).  The  test  models  are  modified  here  for  concrete,  with  3  in 
cover  being  selected  as  a  reference  base.  In  Figure  1.  Curves  are  normalized,  and  relative 
resistance  to  corrosion  Is  compared  for  various  thicknesses  of  concrete  cover. 

The  Thickness  model  Is  based  on  the  premise  that  corrosion  protection  is  directly 
proportional  to  the  thickness  of  concrete. 
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The  diffusion  model  as-.umes  that  concrete  acts  as  a  barrier  to  diffusion  of  oxygen, 
or  salts,  to  the  n.etal  surface,  just  as  a  thermal  insulation  restricts  heat  transfer. 

On  a  flat  slab,  the  resistance  to  corrosion  is  again  a  linear  function  of  thickness.  On 
a  cylindrical  surface  a  logarithmic  function  is  obtained: 

2L(c,-c2) 

NA  3  °A  TnTr-r^T 

where  N,  is  the  number  of  mols  of  species  A  diffusing,  D,  Is  the  dlffuslvlty,  L  is 
the  cylinder  length,  (c*-c2)  is  the  concentration  difference,  r.  is  the  outer  radius 
and  r.  Is  the  inner  raiius  of  the  concrete  cylinder,  and  r?  *  ri  +  t  where  t  «  thick¬ 
ness.  Thus  N,  at  thickness  3  1n/N,  at  thickness  t  *  R../R,  ,  ,  where  P  is  the 
resistance  to  corrosion.  c  J 

The  Volume  model  assumes  that  the  quantity  of  concrete  cover  is  important  In  pro¬ 
tecting  steel.  For  example,  under  the  Influence  of  stray  currents  the  pH  of  concrete  at 
the  steel  surface  decreases,  and  the  more  hydrated  cement  there  Is  present,  the  greater 
the  resistance  to  pH  change  and  the  longer  corrosion  is  prevented.  Again  the  resistance 
to  corrosion  is  directly  proportional  to  thickness,  for  a  flat  slab.  However,  for  a  cylin¬ 
der  the  protection  depends  on  the  volume  of  concrete  around  the  steel, 

V  ■  x(r^-r|)  L,  where  r2  *  outer  radius,  r^  ■  inner  radius,  r2  -  r-j  *  t  »  thickness, 
and  L  =  length.  In  this  model  concrete  is  considered  to  neutralize  acid.  The  model  is 
consistent  with  experience  that  Portland  cement  Is  more  protective  than  alumlnate  cement. 

The  California  State  Division  of  Highways  has  presented  a  formula  R.  *  f ( t 1  - 22 ) , 
where  RT  is  the  probable  number  of  years  to  deterioration  of  steel  In  70%  of  the  struc¬ 
tures  pliced  in  a  normal  highway  bridge  environment,  and  f ( t1  - 22 )  is  a  function  of  the 
thickness  of  cover  to  the  1.22  power.  This  empirical  formula  is  based  on  maintenance 
inspection  and  repair  data  on  239  bridge  substructures  with  reinforced  concrete  with 
covers  ranging  from  1  In  to  3  in  thick. 

Examination  of  the  curves  In  Figure  1  shows  that  1-1/2  in  of  cover  would  give  only  43 
to  55%  of  the  protection  3  in  cover  would  give.  4-1/2  in  of  cover  would  give  1.38  to  1.65 
times  the  protection  that  3  in  cover  would  give.  The  curves  are  so  close  to  each  other, 
that  a  simple  thickness  model  is  probably  sufficient  for  ordinary  estimates.  In  fact  the 
curves  show  that  one  would  have  to  go  to  large  depths  of  cover,  and  correspondingly  long 
exposure  time  to  get  data  which  would  Indicate  which  model  best  fits  the  facts.  The 
empirical  California  State  Division  of  Highways  formula  and  the  Volume  model  are  reason¬ 
ably  close  to  each  other.  The  Diffusion  model  is  the  most  conservative  In  estimating  the 
benefits  of  additional  cover. 

All  of  these  curves  pass  through  the  origin  when  extended,  but  of  course  they  should 
all  terminate  at  a  thickness  about  double  the  maximum  aggregate  size. 

There  is  evidence  that  if  steel  Is  coated  with  a  neat  cement  slurry,  substantial 
improvement  in  corrosion  resistance  will  be  obtained.  Presumably  if  there  are  voids  or  air 
bubbles  around  the  steel  much  poorer  performance  will  result.  Analysis  of  the  effect  of 
concrete  cover  will  not  account  for  such  variables. 

Theoretically  a  sigmoid  equation  should  be  obtained  for  deterioration,  ranging  from 
zero  to  100  percent,  versus  time,  ranging  from  zero  to  complete  deterioration.  There 
would  be  an  Induction  time  during  which  corrosion  would  be  virtually  zero.  The  unrealis¬ 
tic  models  presented,  therefore,  compare  remarkably  well  with  maintenance  experience. 

6.  Cracks 

There  is  evidence  that  cracks  in  the  concrete,  even  when  they  do  not  extend  to  the 
reinforcing  steel,  may  serve  to  localize  and  to  accelerate  corrosion  (40,  41). 

7.  High  Strength  Steel 

In  some  structures  high  strength  reinforcement  is  being  used.  Even  higher  strength 
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steel  is  used  as  rods  or  wires  in  prestressed  or  in  post-tensioned  structures,  in  rock 
anchors,  beams,  panels  and  slabs.  Such  high  strength  steel  is  susceptible  to  damage  by 
stress  corrosion  cracking,  by  hydrogen  sulfide  embrittlement,  as  well  as  by  pitting  and 
general  corrosion  attack.  When  steel  starts  to  corrode  in  concrete  exposed  to  chloride 
ions,  the  pH  drops  in  pits  and  other  locally  anodic  areas.  Sulfides  in  the  concrete  may 
then  form  H2S,  even  though  the  corrosion  attack  be  minimal.  Since  sulfides  specifically 
impede  the  formation  of  hydrogen  molecules  from  atomic  hydrogen,  a  high  strength  steel  may 
be  charged  with  hydrogen  and  embrittled  locally.  Structures  normally  are  subject  to  elas¬ 
tic  deformations,  expansions  and  contractions  due  to  changes  in  temperature,  in  static  and 
in  dynamic  loading.  In  some  cases  the  embrittled  steel  fails  after  a  period  of  time  under 
the  imposed  stress  condition.  This  is  identified  as  a  delayed  failure,  a  brittle  fracture 
probably  due  to  a  hydrogen  embrittlement  mechanism. 

In  one  project  light  weight  concrete  slabs  about  185  ft  x  185  ft  x  9-1/2  in  were 
post-tensioned  by  seven-wire  stranded  cables  cr  tendons,  0.6  in  (5/8  in  nominal)  in  diam¬ 
eter.  The  wires  were  about  0.2  in  diameter,  and  270,000  psi  ultimate  strength,  220,000 
psi  yield  strength.  They  ware  loaded  to  0.8  ultimate  strength,  and  the  load  then  backed 
off  and  locked  at  about  0.70  ultimate  strength.  They  relax  and  creep  to  0.6  ultimate 
strength.  Several  wires  and  tendons  failed  after  40  days  to  14  months.  Investigation 
showed  that  several  factors  were  present,  failures  were  not  uniformly  distributed  in  the 
slabs.  Each  slab  had  six  pours  of  concrete.  Failures  tended  to  occur  in  certain  pours, 
even  'hough  the  same  tendon  extended  through  other  pours.  The  tendons  were  encased  in  pro¬ 
tective  grease  and  wrapped  in  a  paper  tubular  tape.  The  tendons  went  over  and  under  re¬ 
inforcing  rods  and  other  tendons  in  the  slab,  with  tendons  approximately  6  to  18  inches 
apart.  Failures  tended  to  occur  more  frequently  over  columns,  in  areas  of  high  positive 
moment.  Strand  in  the  failure  area  showed  ductility  reduced  to  2  to  3*.  with  15  to  20" 
loss  of  ultimate  strength.  Strand  four  or  five  feet  from  the  failure  area  often  showed 
normal  strength  (58.6  Kips)  and  ductility  over  5X  in  24  inches.  Concrete  cores  analyzed 
180  parts  per  million  of  sulfide  sulfur.  (Analyses  of  500  to  9000  parts  per  million  were 
also  obtained,  but  were  subject  to  question.)  The  concrete  had  used  5/8  inch  light-weight 
aggregate.  Samples  of  aggregate  were  found  to  be  quite  variable.  Some  aggregate  samples 
were  reddish  in  color,  other  samples  were  brown  with  a  darker  or  even  black  interior.  The 
aggregate  variedin  size  of  pores  and  in  hardness .  Some  samples  of  aggregate  with  dark  in¬ 
teriors  gave  an  odor  of  hydrogen  sulfide  when  moistened  with  hydrochloric  acid  solution. 

The  aggregate  generally  had  a  hard  glazed  exterior,  but  in  bulk  it  showed  dusting,  and 
there  were  broken  pieces  of  aggregate  present. 

Paper  wrapped  tendons  present  a  corrugated  exterior  to  the  concrete  surrounding  them. 
When  tendons  are  tensioned  the  movement  of  strand  may  cut  through  the  paper  tape  and  crush 
aggregate  protruding  into  the  corrugation.  This  would  expose  high  strength  steel  directly 
to  pulverized  aggregate.  In  one  building  it  was  estimated  that  stressing  a  strand  to  0.8 
ultimate  strength  required  9  Inches  of  extension  of  strand  under  high  stress.  A  concrete 
beam  section  was  made  and  tendons  stressed  to  0.8  ultimate  strength  were  pulled  about  9 
inches  under  constant  stress.  The  beam  was  then  sectioned  and  it  was  found  that  aggregate 
had  been  crushed. 

Experiment  and  experience  confirmed  that  a  plastic  tube  was  less  likely  to  be  damaged 
than  paper  wrap  during  construction.  Tendons  in  plastic  tubes  showed  a  lower  coefficient 
of  friction  during  tensioning,  which  is  advantageous. 

Some  differences  in  potential  were  observed  between  tendons  in  the  slabs  where  fail¬ 
ures  were  encountered. 

Numerous  metallurgical  examinations,  by  many  laboratories,  failed  to  give  definitive 
answers.  Some  samples  of  broken  wires  had  enough  evidence  of  corrosion  to  warrant  label¬ 
ling  the  failures  stress  corrosion  cracking.  Other  samples  did  not  show  evidence  of  cor¬ 
rosion  pits  or  surface  attack  (Figure  2).  An  interesting  feature  of  some  of  the  brittle 
failures  was  fracture  at  an  angle  of  about  45°  to  the  long  axis  of  the  wire.  It  has  been 
shown  in  the  laboratory  that  high  strength  steel  wire  stressed  in  H2S  solutions 
forms  cracks  which  tend  to  be  aligned  at  45  degrees  to  the  direction  of  tensile  stress 
(42).  The  preferred  crystallographic  orientation  of  the  steel  in  the  wire  causes  this 
unusual  crack  orientation.  It  was  therefore  concluded  that  hydrogen  sulfide  embrittlement 
of  the  high  strength  steel  caused  these  delayed  failures.  A  hydrogen  embrittlement 


219 


mechanism  is  1nvolved(43) . 


Improved  quality  control  of  the  aggregate,  tighter  control  of  construction  techniques, 
closer  inspection  of  the  Installation  before  placing  concrete,  and  substitution  of  plastic 
tubes  for  paper  wrap,  have  eliminated  the  delayed  failure  problem.  It  is  recomnended  that 
sulfides  be  excluded  from  concrete  where  prestressing  or  post-tensioning  is  involved. 
Chlorides  such  as  calcium  chloride  are  also  excluded. 

8.  Stray  Current  Corrosion 

Even  if  a  steel  reinforced  concrete  structure  is  properly  designed  and  properly  con¬ 
structed,  it  may  still  be  subject  to  accelerated  corrosion  attack  in  marine  environments. 
There  is  a  hazard  encountered  with  increasing  frequency  in  coastal  installations.  We  refer 
to  stray  current  corrosion,  also  called  interference  effects,  from  neighboring  cathodic 
protection  systems.  In  the  USA  regulations  of  the  Dept,  of  I ransportation  require  that 
pipelines  must  be  protected  cathodical ly.  The  regulations  even  specify  that  such  pipe  be 
polarized  cathodically  -0.85  volts  relative  to  a  saturated  copper-copper  sulphate  refer¬ 
ence  electrode.  In  many  cases  this  results  in  a  pipeline  being  protected  by  an  impressed 
current  anode  at  18-25  volts,  with  currents  of  several  hundred  amoeres.  The  urrent  flo* 
ing  from  such  an  anode  may  actually  go  many  miles.  Steel  reintorcem.-ni  positioned  verti¬ 
cally  some  distance  from  the  protected  pipeline  may  be  but  little  affected  by  this  current. 
However,  if  a  long  steel  structure  is  in  the  potential  field,  current  may  be  picked  up  at 
one  end  of  the  structure  and  discharged  at  anotherend.  For  every  ampere  year  of  current 
leaving  the  steel, about  20.1  pounds  (9.1  kilograms)  of  steel  is  consumed.  This  corrosion 
of  steel  can  result  in  cracking  of  concrete  in  the  areas  of  current  discharge.  If  high 
strength  steel  under  high  stress  is  subject  to  this  current  discharge,  there  may  be  ductile 
failure  of  the  stressed  steel  due  to  reduction  in  section  (44),  but  more  likely  there  will 
be  stress  corrosion  cracking  of  the  steel  due  to  localized  corrosion  and  pitting. 

An  example  of  situations  to  be  watened  is  at  tne  eastern  end  of  the  ban  Francisco- 
Dvxland  Transbay  Tube,  a  link  in  the  new  San  Francisco  Bay  Area  Rapid  lransit  System  (45). 
This  19,000  foot  long  tube  employs  an  Impressed  current  cathodic  protection  system,  using 
16  rectifiers  and  anodes  spaced  at  approximately  1000  foot  intervals  and  250  feet  away 
from  the  tube.  Each  anode  distributes  about  250  amperes  of  current  to  protect  the  3/8  inch 
thick  outer  shell  of  bare  steel  of  the  tube. 

A  survey  of  the  western  end  of  this  tube  has  been  published  (45).  In  tnat  survey  it 
was  concluded  that  500  feet  away  from  the  anodes,  or  750  feet  away  from  the 
tube,  the  potential  difference  to  the  tube  reaches  zero,  and  foreign  structures  outside 
this  range  should  be  free  of  interference. 

At  the  eastern  end,  the  tube  passes  between  two  pre-existing  wharf  structures  of  the 
Port  of  Oakland  Seventh  Street  Marine  Terminal  (Fig.  3).  These  wharves  have  reinforced 
concrete  decks  on  prestressed  concrete  piles.  The  first  stage  wharf,  on  the  east,  is  about 
1300  feet  long  and  200  to  400  feet  from  'he  tube  subsurface  easement.  The  second  stage 
wharf,  on  the  west,  is  1500  feet  long  and  100  to  700  feet  from  the  tube  subsurface  ease¬ 
ment. 

On  September  11  ,  1972,  a  potential  survey  was  made  tn  tne  San  Francisco  bay  close  to 
the  Port  of  Oakland  Seventh  Street  Marine  Tern, in  1  ‘t  ’.nat  time  the  anode  operating 

nearest  to  the  wharves  was  Anode  No.  50.  this  anode  is  located  3  feet  off  the  bottom, 
about  14  feet  deep,  about  1000  feet  from  where  the  pier  line  extended  crosses  the  Transbay 
Tube  easement.  About  33  volts  is  applied  at  the  rectifier,  but  potential  drop  through 
1000  feet  of  4-0  cable  brings  the  potential  at  the  lead-platinum  anode  to  19  to  20  volts, 
the  current  is  250  amperes.  A  launch  inov’i:  at  ?*  knots  trailed  twi  silver-silver  chloride 
electrodes  on  electrical  cables,  the  first  electrode  20  meters  behind  the  launch,  the 
second  electrode  20  meters  behind  the  first.  Diffeience  in  potential  oetween  the  elec¬ 
trodes  was  recorded  as  a  function  of  time.  These  data  give  a(ihv)/ax,  where  ax  Is  20 
meters,  at  a  given  time.  Integrating  this  curve  gives  the  A V  in  millivolts,  relative 
to  a  point  at  infinity,  versus  time.  The  integrated  curve  is  shown  in  Figure  4.  Traverse 
6  passes  over  Anode  No.  50,  Traverse  8  is  about  50  feet  from  the  second  stage  wharf.  Both 
traverses  are  parallel  to  the  wharf.  Note  that  even  at  the  surface  of  the  water  there  may 
be  aV  exceeding  100  millivolts  1500  feet  from  the  anode.  The  results  of  this  survey 
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show  current  effects  at  greater  distances  than  reported  In  the  earlier  survey  of  the  western 
area  of  the  Transbay  Tube  (45).  The  anodes  In  the  western  end  were  about  75  feet  deep; 

Anode  No.  50  Is  14  feet  deep.  In  the  three  years  that  some  of  the  anodes  have  been  opera* 
ting,  the  Transbay  Tube  has  been  polarized  so  that  current  Is  thrown  to  a  greater  distance 
from  the  anodes. 

Polarization  measurements  are  being  made  at  selected  points  on  the  Port  of  Oakland 
wharf  structures,  and  changes  In  potential  are  being  observed.  There  are  Indications  that 
one  end  of  the  wharf  Is  picking  up  current;  the  current  travels  along  deck  steel  and  then 
Is  discharged  at  piling  closest  to  the  protected  Transbay  Tube. 

Similar  potential  fields  are  observed  In  the  vicinity  of  a  ship  which  Is  cathodlcally 
protected  by  Impressed  current  anodes.  In  busy  marine  terminals  which  have  ships  loading 
and  unloading  much  of  the  time  there  may  be  effects  anticipated  on  steel  and  concrete  In 
the  vicinity. 

Subway  tube  Installations  are  cathodlcally  protected  under  water  In  San  Francisco, 
Boston,  New  York  and  other  metropolitan  areas.  Underwater  tunnel  steel  casings  for  auto¬ 
mobile  and  other  vehicular  structures  are  similarly  protected  in  some  areas. 

9.  Corrosion  Protection 

In  an  aggressive  marine  environment  some  protection  against  corrosion  may  be  obtained 
by  using  galvanized  steel  reinforcement.  This  Is  particularly  useful  where  the  exposure 
may  cause  reinforcement  to  rust  heavily  before  concrete  Is  placed  around  the  steel  (44,  46). 

Protective  coatings  for  sealing  concrete  have  been  used  successfully  In  water  tanks. 
Where  high  strength  steel  under  high  stress  Is  to  be  used,  care  should  be  taken  that  sul¬ 
fide-containing  material  Is  excluded. 

Cathodic  protection  of  piling  and  foundations  should  be  considered  If  stray  current 
effects  are  present  or  anttclpated.  This  will  call  for  a  design  which  has  electrical  con¬ 
tinuity,  to  permit  bonding  and  the  application  of  protective  current.  An  alte  native 
design  calls  for  Insulation  and  Isolation,  so  that  long  line  currents  or  cathodic  Inter¬ 
ference  effects  are  avoided. 

Design,  construction,  inspection,  and  maintenance  should  be  guided  by  the  fact  that 
structures  which  have  steel  In  concrete  In  marine  environments  are  sxsceptlble  to  corrosion 
and  deterioration. 
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STRESS  CORROSION  AND  OTHER 
BRITTLE  FRACTURES 


FIGURE  2 


FIGURE  4 


Summarized  Discussion 


In  rsply  to  various  questions ,  ths  author  amplified  his  presentation 
as  follows:  the  permissible  enf  change  to  protect  steel  in  concrete  has 
not  been  established.  There  is  also  some  disagreement  as  to  the  preferred 
method  for  fabricating  prestressed  concrete;  the  few  failures  of  prestressed 
concrete  which  have  occurred  in  the  U.  S.  were  attributed  in  the  grouting 
method  of  incorporating  the  prestressed  wires  into  the  concrete.  According 
to  a  reference  cited  in  the  paper,  there  is  a  difference  of  opinion 
concerning  whether  a  crack  in  the  concrete  has  to  extend  all  the  way  to 
the  steel  before  the  steel  commences  to  corrode  locally.  The  number  of 
sacks  of  concrete  per  cubic  yard  appear  in  U.  S.  standards  which  are 
referenced  in  the  paper;  7-1/2  sacks,  with  the  concrete  covering  the 
steel  to  a  depth  of  3  inches,  exceeds  the  standard  but  is  preferred  by 
some . 
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New  Technology  for  the  Preventive  Protection  and  Maintenance 
of  Submerged  Reinforced  Concrete  Structures 

Alberto  Montefusco 

Chevron  Oil  Italians  S.  p.  A. 

Via  Criatoforo  Colombo  149  -  00147  Roma  -  Italy 

The  maintenance  work  on  concrete  piles  in  submerged  structu¬ 
res,  as  usually  performed  with  conventional  methods,  involves  many 
drawbacks  and  often  results  in  poor  and  unreliable  performance. 
Rather  recently,  epoxy -polyamide  compounds  (l)^have  proved  to  be 
effective  in  providing  protective  coatings  on  submarine  structures. 
The  present  report  describes  a  new  method  of  repair  experimented 
recently  on  the  damaged  sections  of  reinforced  concrete  piles  supp 
orting  and  old  jetty  in  the  Savona  bay  (Italy)  in  the  Mediterranean  sea. 
Many  piles,  severely  damaged,  have  been  fully  reconstructed  by  in¬ 
jecting  under  pressure  an  epoxy  resin  compound  which  has  been  spe 
daily  developed  for  this  particular  technology. 

After  having  explained  the  main  reasons  for  decay  in  submerged  ma 
rine  structures,  information  is  given  on  the  physical  properties  of 
the  product  utilized  as  well  as  on  its  behaviour  in  the  presence  ofthe 
concrete  and  reinforcing  steel-rods.  The  application  ofthe  resin 
requires  new  methods  of  inspection  with  subsequent  data  interpret¬ 
ation.  The  technology  for  carrying  out  the  repair  work  is  also  dif¬ 
ferent  from  the  previous  ones.  In  fact,  the  very  short  pot  life  of  the 
resin  after  mixing  gives  many  advantages  but,  on  the  other  hand, 
many  new  problems  must  be  faced.  These  were  successfully  over 
come  while  the  work  progressed  as  fully  described  in  the  report. 
Special  emphasis  has  been  paid  to  the  planning  of  the  job  and  to  the 
equipment  used. 

As  a  conclusion,  statistical  data  and  some  results  obtained  two  years 
after  application  are  furnished. 

Key  Words:  erosion;  submerged  concrete  structures; 
piles;  jetty;  inspections;  injection;  epoxy  resin. 


1 .  Introduction 

The  scope  of  this  report  is  to  describe  a  new  method  of  reconstruction  of  the  sub 
merged  concrete  structures  as  experimented  by  Chevron  Oil  Italians  maintenance  or 
ganlzation  on  a  pier  for  mooring  of  small  tankers. 


Figures  in  parentheses  indicate  the  literature  references  at  the  end  of  this  paper. 
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Many  plera  and  submerged  marine  structures  built  in  recent  years  are  provided,  in  some 
way,  with  passive  protection  against  erosion  and  corrosion  and,  when  necessary,  are  also 
provided  with  active  protection  against  corrosion  but,  at  the  time  our  pier  was  built  in  the 
Savona  bay  in  the  Mediterranean  Sea,  the  problem  had  not  yet  been  faced. 

Our  observations  led  to  the  conclusion  that  the  submarine  structures  of  this  pier  had  been 
damaged  more  by  the  effect  of  erosions  than  by  corrosive  agents.  This  factor  of  deterior 
ation,  which  acquires  greater  or  lesser  Importance,  depending  on  the  circumstances,  is 
always  present  in  constructions  in  shallow  waters. 

In  the  particular  case  we  want  to  deal  with,  the  erosive  attack  on  the  piles  of  a  pier  can 
act  in  two  ways: 

-  attack  by  waves  and  submarine  currents  caused  by  heavy  meteomarine  perturbations. 

-  attack  by  micro- biological  marine  flora  and  fauna  which  finds  its  most  favourable  habj. 
tat  in  the  microscopic  porosities  of  the  material,  in  this  case  concrete,  to  which  it 
clings  tenaciously  with  the  result  of  crushing  it  very  slowly  but  gradually  and  inexor¬ 
ably. 

We  started  with  the  idea  of  applying  a  special  product  and,  as  the  work  progressed,  we 
realised  it  was  necessary  to  completely  modify  our  method  of  work. 

This  is  why  I  thought  it  would  be  Interesting  to  inform  my  colleagues  in  the  field,  by 
means  of  this  report,  about  the  process  with  which  we  tried  to  perfect  the  new  method. 

2.  Description  of  the  structure  in  need  of  repair 

The  construction,  realised  in  1932  by  an  outstanding  Italian  Constructor,  was  the 
first  construction  of  that  type  in  the  Savona  Harbour  and  one  of  the  very  first  in  Italy. 

We  have  no  suitable  data  on  hand  to  make  a  comparison  with  Bimilar  constructions  of 
the  same  age  but.  from  what  we  know  about  more  recent  works,  the  Savona  pier  appears 
to  have  shown  an  exceptional  resistance. 

In  order  to  introduce  the  subject  of  its  maintenance  a  brief  description  might  be  helpful: 

It  is  about  450  meters  long  and  consists  of  30  pairs  of  octagonal  shaped  reinforced  con¬ 
crete  piles  driven  deeply  into  the  sandy  sea  bed.  The  two  piles  of  each  assembly  are 
1 5  mt.  apart  and  are  linked  together  by  parallelepiped  headers  at  sea  level.  The  frame¬ 
work,  supporting  a  cat-walk  beam  and  piping,  rests  on  these  headers. 

At  the  offshore  end  of  the  catwalk  beam,  a  wharf-head  is  Installed,  also  supported  by 
reinforced  concrete  piles  submerged  for  9.  50  meters. 

We  have  no  precise  information  regarding  maintenance  works  carried  out  before  and  im¬ 
mediately  after  the  second  world  war  as  the  pier,  like  all  petroleum  installations  of  stra_ 
tegical  importance  was,  at  that  time,  competence  of  the  CIP  (Italian  Petroleum  Commit¬ 
tee).  However,  it  has  been  ascertained  that  some  aircraft  bombs,  which  exploded  in  the 
immediate  vicinity  of  the  central  section,  caused  a  lowering  of  this  section  of  about  1  me 
ter  and  permanent  deformation  of  the  catwalk  beam  with  consequent  damage  to  the  piles. 
Other  cracks  have  apparently  been  caused  by  scale  formation  on  the  reinforcing  rod  a. 
displacing  the  concrete  skin  between  the  rods  and  the  adjacent  beam  face. 

3.  Considerations  on  conventional  methods  of  repair 

The  usual  method  of  repair  was  to  remove  this  loose  concrete  skin  and  gunite  the 
affected  areas  after  sand-blasting  the  exposed  reinforcing  rods.  This  is  a  precarious 
job  to  do  underwater  and,  as  an  alternative  in  the  most  serious  cases,  some  piles  were 
renewed  by  cutting  them  off  near  their  top  and  foot  and  connecting  a  new  piece  to  the  old 
stumps  by  steel -clamps  coated  with  concrete. 
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However,  the  deformed  state  of  the  pier  caused  considerable  alarm  and  it  was  doubted 
whether  it  could  continue  to  be  operated  in  its  precarious  condition. 

Accurate  checks,  carried  out  since  then  at  regular  intervals  did  not  show  further  yields 
but.  at  the  same  time,  they  gave  a  sound  idea  of  the  damage  caused  by  the  erosions  and 
of  the  necessity  to  make  good  the  decay  of  the  structures. 

The  most  efficient  way  of  repairing  it  was  the  afore  mentioned  one,  that  is  the  subtitu- 
tion  of  the  central  section  of  the  pile  with  a  new  one. 

As  a  consequence,  the  underwater  Inspection  was  limited  to  finding  out  the  extent  of  da 
mage  to  each  pile  and  scheduling  the  substitution  priorities. 

By  using  this  method  about  50%  of  the  piles  were  replaced  in  slightly  over  10  years  and 
it  was  planned  to  renew  the  balance  by  the  same  method  when  necessary. 

Findings  of  the  last  inspections  were  discouraging: 

1*  30%  of  the  replaced  piles,  show  evident  decay  15  years  after  their  substitution. 

2*  Even  if  the  new  replaced  pile  sections  are  in  good  condition  the  process  of  deterior 
ation  of  the  stumps,  between  which  the  new  sections  are  fitted,  does  not  stop  becau 
se  the  reinforcing  rods  remain  exposed.  This  could  eventually  cause  the  stumps  to 
jield  and  the  consequent  collapse  of  the  structure. 

In  addition  to  that,  deep  erosions  were  found  in  the  lower  face  of  the  braces  in  the  tidal 
zone,  even  though  many  of  them  had  been  recently  repaired.  Therefore,  the  informa¬ 
tion  about  a  new  more  efficient  protective  material  composed  of  epoxy  resins  (1)*  has 
been  taken  into  consideration  by  us  with  utmost  attention  but  with  those  reservations 
one  must  have  when  facing  a  completely  new  technology. 


4.  New  possibilities  stemming  from  the  use  of  epoxy  resins 

The  use  of  epoxy  resins  had  already  been  experimented  by  us  for  other  repair  works, 
such  as  the  internal  coating  of  tank  bottoms  subjected  to  corrosions  and  internal  lining 
of  short  runs  of  pipelines.  After  some  years  results  have  been  appreciably  positive 
therefore  we  decided  to  use  this  material  also  for  the  maintenance  of  our  pier. 

In  order  to  dispel  some  doubts  as  to  the  behaviour  of  the  new  proposed  products  when 
under  stresses,  we  asked  that  the  relative  tests  be  carried  out  by  an  officially  recogniz 
ed  laboratory.  Said  tests  have  been  executed  by  the  material  testing  laboratory  at  the 
Politechnique  in  Milan  and  gave  us  the  following  results: 

-  compression  strength  for  specimens  without  inerts  =  13.000  psi  *  900  kg/cm2  „ 

-  compression  strength  for  specimens  with  15%  to  30%  of  fine  sand  *  10,  000  pbi  =  700kg|im 

-  tensile  strength  *  3,  200  psi  *  220  kg/cm2 

It  should  be  remembered  that  even  a  very  good  concrete  has  a  very  low  tensile  strength 
and  the  compression  strength  can  approach  the  above  values  only  after  28  days  curing, 
whilst  the  epoxy  resin  under  study  reaches  its  maximum  values  only  a  few  hours  after 
having  been  applied  even  when  immersed  in  water,  which  is  most  important  for  this  par_ 
ticular  type  of  application. 

Furthermore,  the  possibility  of  an  efficient  binding  with  inerts  gave  us  a  measure,  even 
if  only  an  indication,  about  the  capacity  of  the  resin  to  bind  itself  to  the  old  concrete. 

We  had  no  doubts  as  to  an  efficient  linkage  to  the  reinforcing  rods,  since  this  was  already 
proven  by  the  results  of  previous  applications. 

Having  ascertained  the  convenience  of  adopting  this  new  material  from  the  technical  stand 
point,  the  problem  arose  as  how  to  keep  the  cost  of  the  work  within  acceptable  limits. 


Figures  in  parentheses  Indicate  the  literature  references  at  the  end  of  this  paper 
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The  cost  of  the  new  product  is  very  high  compared  to  that  of  concrete,  very  high  too  is 
the  cost  of  manpower  which  consists  of  a  frogman  crew  highly  skilled  in  this  type  of  work 
The  problem  then  was  to  set  up  a  working  procedure  which  was  completely  new  compar¬ 
ed  to  that  used  in  the  past  , 

5.  Remarks  on  the  inspections 

To  begin  with,  the  generic  inspection,  as  it  used  to  be  conducted,  with  the  purpose 
of  ascertaining  whether  or  not  the  pile  had  to  be  renewed,  was  no- longer  valid. 

Hence  we  reviewed  the  criteria  with  which  inspections  had  to  be  carried  out  and  it  was 
decided  that  the  exact  levels  of  the  damaged  points  and  the  extent  of  the  damage  should 
be  indicated.  In  the  most  serious  cases  also  a  photograph  proof  had  to  be  provided. 

It  has  been  demonstrated,  that  even  a  very  accurate  preliminary  inspection  does  not 
supply  so  precise  an  idea  of  the  extent  of  the  damage  as  that  which  will  be  found  during 
the  course  of  the  actual  repair  work. 

The  first  obvious  deduction  was  that  two  inspections  are  needed: 

-  a  preliminary  one  to  locate  roughly  the  damaged  points  to  be  taken  care  of;(Exhibit  1) 

-  a  second  one.  to  find  out  with  the  utmost  precision,  from  the  stand  points  of  quantity, 
the  work  to  be  done  (Exhibit  2). 

In  fact,  as  can  be  deducted  from  the  photographs,  during  the  flrBt  inspection  it  is  not 
a  good  practice  to  completely  remove  the  layer  of  marine  fauna  and  flora,  as  these  cling 
tenaciously  to  the  concrete,  one  cannot  scrape  them  off  without  danger  of  additional  da¬ 
mage  to  the  concrete  itself. 

The  most  careful  cleaning  must,  on  the  of  erhand,  be  done  immediately  prior  to  the 
actual  repair  because,  if  even  a  short  time  elapses  between  the  cleaning  and  the  repair, 
the  marine  micro-organism  starts  to  grow  again. 

Hence,  the  detailed  Inspection  must  be  followed  within  a  few  days  by  the  repair  work 
otherwise  it  results  only  in  wasted  time.  The  detailed  inspection  will  supply  the  follow¬ 
ing  precise  data  necessary  before  the  start  of  work: 

-  determination  and  supply  of  the  right  quantity  of  material  needed; 

-  time  calculation  and  working  schedule  with  decisions  about  priorities; 

-  method  to  be  followed  for  preparation  of  the  structure  to  be  repaired  and  set  up  of  the 
related  equipment. 

-  preparation  beforehand  of  the  forms  to  be  used; 
preparation  of  the  equipment  for  injecting  the  resin. 

When  this  data  is  to  hand  one  can  proceed  with  the  actual  phase  of  application  being 
reasonably  confident  that  any  unforeseen  problems  can  be  coped  with. 

This  is  important  from  the  commlttent's  standpoint  as  it  represents  the  means  of  control^ 
ling  costs  within  the  limits  of  the  budget, 

To  achieve  this  in  an  efficient  manner  good  communications  are  necessary,  during  the 
whole  duration  of  the  work,  between  the  product  supplier,  the  contractor  and  the  commit_ 
tent. 

This  was  done  in  our  case  and,  therefore,  the  main  features  of  each  of  the  above  listed 
phases  are  briefly  described  here  below: 

6 .  Pre-work  inspection 

The  preliminary  inspection  had  already  been  carried  out  by  an  independent  Company 
before  awarding  the  contract  and  the  recorded  data  were  transmitted  to  the  contractor. 
The  contractor  carried  out  immediately  the  cleaning  of  all  piles  we  pointed  out  and  re¬ 
corded  the  length,  width  and  depth  of  each  damaged  point. 
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At  the  same  time  all  photographs  were  taken  with  a  360°  lens  camera  which  showed  up 
even  the  smallest  shadings. 

A  small  tag  with  the  relevant  identification  number  was  kept  beside  the  pile  being  pho¬ 
tographed  to  avoid  mistakes. 

This  inspection  required  10  calendar  days  of  work  by  the  whole  team  of  5  frogmen,  which 
proves  the  importance  of  this  phase.  They  have  in  addition,  supplied  us  verbally  with 
information  about  other  useful  elements  of  evaluation,  such  as  the  state  of  the  surfaces 
and  the  condition  of  the  steelrods. 

In  this  connection  we  noticed  that  most  rods,  even  when  exposed  and,  obviously,  lacking 
their  protective  skin  for  a  long  time,  did  not  show  a  high  degree  of  corrosion. 


Evaluation  an-!  supply  of  the  required  material 


The  data  from  the  survey  was  entered  on  a  form  showing  the  levels  the  measure¬ 
ments.  the  volume  of  spaces  to  be  filled  and  the  quantity  of  material  to  be  supplied. 

In  order  to  provide  for  unavoidable  losses  and  a  safety  margin  in  the  quantity  of  material 
the  volumes  were  calculated  on  the  developed  circumscribed  solid  instead  of  on  the  cylin 
drical  one. 

This  recorded  data,  as  well  bb  allowing  us  to  evaluate  the  quantity  of  material  needed, 
gave  us  the  opportunity  to  make  the  following  useful  statistical  observations  : 

-  the  east-ward  row  of  piles  shows  55%  more  erosion  than  the  west-ward  row,  this  de¬ 
pends  presumeably  on  the  direction  of  the  prevalent  wind; 

-  the  first  half  of  the  pier  starting  from  the  beach  showB  prevailing  damage  in  the  upper 
section  of  the  piles  while  the  second  half  of  the  pier  shows  prevailing  erosions  in  the 
lower  section.  This  corresponds  with  the  tidal  zone. 

In  doing  this  we  did  not  consider  the  damage  tothe  headers,  the  repairing  of  which  with 
the  new  technology  is  still  under  study. 


8.  Timing  -  Scheduling  -  Priorities 


Timing  seaworks  is  obviously  much  affected  by  meteo-marine  conditions.  Each 
calendar  day  of  fine  weather  we  can  plan  to  use  two  squads  composed  of  two  frogmen 
working  in  shifts  of  three  hours  submerged  and  the  rest  of  the  day  at  the  surface.  A 
frogman  foreman  supervises  the  work  while  a  carpenter  helps  in  getting  the  forms  and 
the  equipment  ready. 

When  the  work  is  running  smoothly  we  can  estimate  to  get  an  average  of  1.  5  damaged 
points  repaired  per  day,  but  taking  into  account  some  unexpected  shut-down,  due  to 
weather  conditions,  it  is  safer  to  keep  to  a  slightly  lower  figure. 

Priorities  are  fixed  by  giving  precedence  to  the  most  damaged  points.  However,  some 
freedom  must  be  left  to  the  men  to  allow  them  to  select  the  depth  at  which  to  work  acc<rd 
ing  to  the  condition  of  the  sea.  It  is  well  known,  in  fact,  that  one  can  work  near  the  sur¬ 
face  only  when  the  sea  is  quite  calm,  whilst  when  the  sea  is  rough  it  is  better  to  work  at 
a  deeper  level.  Also  the  visibility,  when  immersed,  can  be  limited  by  currents  and 
winds  even  when  the  sea  is  very  calm. 


Preparation  of  surfaces  to  be  repaired  and  setting  up 
of  equipment. 


The  scraping  off  of  the  decayed  material  down  to  a  sound  surface  must  be  performed 
efficiently,  and,  as  previously  said,  immediately  before  the  pouring  of  the  resin. 
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It  can  be  done  by  using  pneumatic  scrapera  or  hydrodynamic  guns  followed  by  an  accurate 
sanblasting.  In  all  cases  it  ic  necessary  to  provide  on  site  a  source  of  energy  such  as 
electric  power  line  or  engine  driven  machines. 

It  is  of  course,  necessary  to  provide  sets  of  operating  tools,  spare  parts  and  miscella¬ 
neous  materials  in  order  to  avoid  costly  interruptions. 

10.  Preparation  of  the  resin 

The  product  is  supplied  in  two  components  to  be  thoroughfully  mixed  together  to  obt*i 
a  compound  which  must  be  poured  immediately,  because  its  pot-life  is  limited  to  30  minu¬ 
tes  at  normal  ambient  temperature.  The  resultant  density  is  about  1.  5.  Epoxy-resins  of 
this  type  have  in  the  past  been  utili7td  for  the  preventive  protection  of  structures,  apply¬ 
ing  them  by  hand  to  provide  a  thin  layer  of  coating.  In  our  case  we  were  dealing  with  a 
different  kind  of  job  involving  the  reconstruction  of  old  piles  by  the  application  of  much 
higher  quantities  of  new  material.  The  work,  if  performed  manually,  could  have  led  to 
problems  due  to  the  very  short  pot  life  of  the  material,  so  we  decided  to  inject  the  resin 
under  pressure  into  forms  clamped  to  the  damaged  sections  of  the  piles. 

11.  Preliminary  set-up  of  the  required  forms 

On  the  basis  of  the  surveyed  measurements  it  is  wise  to  have  ready  beforehand  some 
forms  having  similar  sixes  and  different  lengths  so  that  they  can  be  used  on  more  than 
one  pile. 

The  form  must  be  slightly  longer  than  the  erosion  to  be  repaired  without  being  excessive¬ 
ly  long  in  order  not  to  waste  costly  product.  In  the  case  of  two  erosions  very  close  to¬ 
gether  on  the  same  pile,  it  may  be  convenient  to  use  a  single  long  form  so  that  the  two 
repairs  can  be  effected  in  one  operation. 

The  forms  are  supplied  with  a  set  of  threaded  holes.  They  are  used  for  injecting  the 
resin  and  for  expelling  the  water  by  injecting  the  product  in  sequence,  starting  from  the 
bottom  hole  and  proceeding  upwards  as  soon  as  the  resin  comes  out  of  the  next  hole. 

The  seal  between  pile  and  form  edges  is  obtained  by  use  of  synthetic  rubber  gaskets. 

12.  Resin  injection  equipment 

The  injection  guns,  normally  found  in  the  market,  are  of  limited  capacity,  usually  no 
more  than  2  kilos  at  a  time;  therefore  it  can  be  easily  understood  that  for  major  works 
there  is  a  substantial  loss  of  time  and  waste  of  material  because  the  gun  must  be  sent 
up  to  the  surface  every  time  for  careful  cleaning  before  filling  it  again. 

Therefore  the  dimension  and  capacity  of  the  guns  must  be  consistent  with  the  extent  of 
the  work  to  be  done;  in  our  case  we  used  two  specially  made  pneumatically  operated  in¬ 
jectors  with  which  we  obtained  fairly  good  results. 

13.  Execution  of  the  work 

Pneumatic  chisels  were  used  to  scrape  off  the  damaged  concrete;  the  exposed  rods 
were  then  grinded  and  the  forms  applied.  At  the  end  of  each  cleaning  operation  the  frog 
man  leadman  inspected  the  job  and  gave  his  o.  k.  for  putting  on  the  forms.  The  injectbn 
job  was  effected  using  alternatively  the  two  guns  previously  prepared  and,  after  a  few 
hours,  we  proceeded  to  dismantle  the  forms  because  the  drying  time  is,  as  previously 
said,  very  short. 

As  shown  by  the  photograph,  the  piles  after  repair,  appear  completely  new  (Exhibit  3). 

At  the  end  of  all  repair  work  we  carried  out,  ns  an  experiment,  the  complete  coating 
of  a  pile,  applying  the  resin  by  hand.  On  the  basis  of  the  results  we  will  decide  in  future, 
if  it  is  wise  to  adopt  the  same  treatment  on  all  piles.  We  also  coated  one  full  header  w2h 
the  same  object. 
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The  following  summarizes  the  work  completed  in  57  working  days: 

-  pre-work  inspection  on  33  piles 

-  injection  applications  on  57  piles 

-  coating  of  a  full  pile 

-  complete  repair  and  coating  of  a  header 

The  average  time  losses  for  meteo-marine  reasons  was  25%  of  the  total. 

The  average  cost  was  380,000  Lire  (=  U.S.$  650)  per  injection. 

14.  Results  and  considerations 

An  accurate  check  was  carried  out  in  August  1972,  two  years  after  the  repair  work, 
by  a  different  contractor. 

The  piles  were  carefully  cleaned  and  the  examination  gave  these  results: 

-  the  bonding  between  fouling  and  resin  is  much  weeker  than  between  fouling  and  con¬ 
crete.  In  fact,  the  only  organisms  which  tenaciously  clung  to  the  resin  were  the  borers 
(exhibit  4).  They  are  not  dangerous  because  they  are  not  able  to  penetrate  more  than  a 
few  millimeters. 

-  In  some  cases  families  of  muscles  had  grown  under  the  edges  of  the  coating,  giving 
the  impression  of  inefficient  linkage  between  resin  and  concrete  at  the  edges. 

We  chipped  out  with  hammer  and  chisel  these  edges  and  found  that  after  a  few  centi¬ 
meters  the  linkage  between  the  materials  was  sound  and  it  was  not  possible  to  proceed 
in  cutting  out  the  resin  without  damaging  the  concrete. 

The  possible  explanation  of  the  absence  of  linkage  at  the  edges  can  be  found  reading  the 
daily  reports  written  at  the  time  of  the  work: 

-  some  piles  had  not  been  injected  immediately  after  the  cleaning  but  only  the  following 
day. 

-  in  other  cases  the  forms  were  wider  than  the  interested  area  so  that  the  injected  resin 
was  spread  out  on  a  surface  larger  than  the  well  prepaired  one. 

We  found  no  sign  of  deterioration  in  the  coatings  above  sea  level.  As  a  conclusion,  ow¬ 
ing  to  the  limited  time  elapsed  since  the  application,  we  cannot  pronounce  yet  decisive¬ 
ly  in  favour  of  the  new  technology  but  the  first  results  are  extremely  promising. 


1.  ROBERT  M.  JORDA,  "Applying  Protective  Epoxy  Coatings  to  Submerged  Metal, 
Wood,  and  Concrete  Structures".  Paper  presented  at  the  International  Congress 
on  Fouling  and  Marine  Corrosion  -  June  8-13,  1964. 

Discussion 

Some  participants  expressed  concern  that  the  resin,  without  a  filler, 
would  not  afford  any  structural  strength,  and  specifically  unless  its 
elastic  modulus  matched  that  of  concrete.  The  author  did  not  have  elastic 
modulus  data,  but  pointed  out  that  hardening  time— about  30  minutes— is  of 
great  importance  in  getting  the  resin  in  place  and  hardened  before  it  is 
washed  away  by  wave  action;  it  would  have  been  difficult  to  apply  and  cure 
concrete  patching  in  sea  water  under  the  conditions  described. 
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How  To  Hike  Use  of  Corrosion  Data 


Herbert  H.  Uhlig 

Department  of  Metallurgy  and  Materials  Science 
Massachusetts  Institute  of  Technology 
Cambridge,  Massachusetts  02139 

The  marine  engineer  in  choosing  materials  of  construction  to 
resist  sea  water  attack  can  rely  on  weight  lore  data  for  non¬ 
passive  metals  like  copper,  iron,  steels,  and  zinc.  In  applying 
passive  metals  e.g.  stainless  steels,  nickel,  nickel  alloys, 
aluminum  and  aluminum  alloys,  the  prevailing  potential  should  be 
maintained  below  the  critical  potential  for  olt  initiation,  and 
crevices  should  be  avoided  in  any  structural  design.  Under 
conditions  of  high  velocity,  the  passive  metals  are  better 
resistant  than  are  the  non-passive  metals.  The  effect  of  heat 
treatment  on  senslvlty  to  intergranular  attack  should  be  evaluated 
in  all  metals  that  are  to  be  welded  or  are  to  be  heat  treated  for 
stress  relief  and  other  purposes.  Applied  or  residual  tensile 
str»«s  is  Important  to  aensivity  to  cracking  in  sea  water 
pai Liculerly  for  titanium,  alumimas  and  magnesium-base  alloys  at 
ordinary  temperatures,  and  of  austenitic  and  ferritic  stainless 
steels  at  elevated  temperatures.  A  critical  potential  exists  for  some  of 
these  alloys,  and  probably  for  most  other  metals  as  well,  below 
which  cracking  does  not  occur.  All  high  strength  metals  and  alloys 
including  carbon  steels,  maraging  steals  and  stainless  steels  may 
crack  in  presence  of  moisture  alone.  Adequate  designs,  therefore, 
often  call  for  a  thicker  section  of  a  medium  strength  metal  rather 
than  the  use  of  a  high  strength  metal  to  sustain  a  given  load. 

Key  Words:  Galvanic  Coupling,  Pitting  Corrosion,  Welding, 

Velocity  Effects,  Stress  Corrosion  Cracking,  Corrosion 
Fatigue. 


Corrosion  data  are  usually  expressed  as  weight  loss  or  metal  penetration  for  a  given 
period  of  exposure.  For  uniform  attack,  both  in  time  and  dimensions,  such  data  supply 
useful  design  information.  For  example,  an  average  corrosion  rate  of  a  carbon  steel  in  sea 
water  of  0.010  cm/year  indicates  that  an  H  beam  0.3  cm  thick  will  lose  half  its  cross 
sectional  dimensions  within  (0.5/0.01)  x  1/2  x  1/2  or  12.5  years,  the  extra  factor  1/2 
coming  in  because  of  corrosive  attack  from  two  sides.  Since  the  rate  of  weight  loss 
usually  decreases  with  time,  the  corrosion  rate  extrapolated  to  long  periods  of  exposure 
may  be  unduly  pessimistic,  and  the  predicted  life  may  be  actually  short  of  what  is 
experienced.  For  example,  reported  iaawrslon  data  in  tropical  sea  water^  (Panama)  show 
that  the  average  corrosion  rate  of  carbon  steels  after  one  year  exposure  is  0.015  cm/year, 
but  after  16  yeara,  primarily  because  of  rust  accumulation  and  organic  fouling,  the  rate 
may  average  only  0.007  cm/year.  Rates  in  this  particular  sea-water  environment  becosie 
relatively  steady  after  one  to  two  years.  The  actual  required  time  for  steady-state 
probably  depends  on  local  varlationa  in  the  ocean  temperature,  salinity,  velocity,  etc.  as 
wall  as  on  the  metal  or  alloy.  In  any  event,  using  average  rates  fortunately  Includes  a 
factor  of  safety  in  design  calculations. 

Although  steels  corrode  relatively  uniformly  over  their  surface,  corrosive  attack  of 
other  metals  may  not  be  uniform.  The  passive  isetals,  for  example  aluminum  or  stainless 
steels,  exposed  to  sea  water  lose  less  weight  than  do  carbon  steels  in  the  same  tisw,  but 
they  are  subject  to  localized  or  pitting  type  of  attack  vhich  mry  penetrate  deep  sections 
of  the  metal  in  a  matter  of  months.  Hence,  only  tables  of  weight  loss  data  for  non- 
pasalve  metals  are  apt  to  supply  useful  data  to  the  design  engineer,  and  the»e  are  an 
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lnportant  part  of  hla  atock-ln-ttada.  The  category  of  metals  for  which  such  data  are 
useful  include  iron  and  carbon  steels,  low-alloy  steels,  tin,  cupro-nlckel  alloys 
(<402  Ni), brasses  (<15Z  Zn),  sine  and  zinc-base  alloys.  For  these  metals,  it  is  often 
possible  to  measure  uniform  corrosion  rates  employing  electrochemical  techniques  such  as  is 
recommended  by  H.  Stern  and  A.  Geary (2),  or  by  change  In  electrical  resistance  of  wire  or 
strip  specimens. 

Galvanic  coupling  of  non-passive  metals  to  more  noble  metals  (as  indicated  by  the 
Galvanic  Series)  accelerates  corrosion  of  the  non-passive  metal,  the  maximum  effect  of 
which  as  illustrated  for  Cu-Fe  couples  is  given  by  Rate  (coupled)  -  Rate  (uncoupled) 

(1  +  Ar**.  ft1  ).  For  more  noble  metals  which  polarise  cathodically  more  than  does  Cu,  e.g. 

Area  Fa 

Pb  or  Sn  or  stainless  steels,  the  rate  is  accelerated  somewhat  less  than  the  equation 
predicts.  The  important  factor  is  the  relative  area  of  active  (anodic)  to  noble  (cathodic) 
metal  when  coupled;  the  ratio  should  always  be  kept  large  otherwise  rapid  penetration  of 
anodic  metal  results.  Weld  metal  that  is  active  (negative)  in  potential  to  ship  plates 
can  lead  to  rapid  penetration  by  corrosion  of  the  welded  seams. 

How  does  one  handle  metals  that  undergo  pitting  corrosion?  What  sort  of  data  can  be 
relied  upon  to  replace  overall  weight  loss  measurements  that  are  relatively  useless  for 
estimating  time  of  metal  penetration?  Other  than  to  avoid  environments  or  conditions  which 
breakdown  passivity,  or  to  choose  metals  which  are  not  passive  (some  are  listed  above)  and 
hence  are  not  subject  to  deep  pitting,  conditions  must  be  chosen  to  prevent  pits  from 
initiating.  This  is  best  done  by  ensuring  a  prevailing  potential  of  the  metal  structure 
always  below  the  critical  potential  required  for  pitting.  Applied  cathodic  protection  is 
useful,  as  is  galvanic  coupling  to  metals  having  sufficiently  active  corrosion  potentials. 
For  example,  the  critical  pitting  potential  of  18-8  stainless  steel  in  sea  water  (3X  NaCl) 
is  0.21  volt  on  the  hydrogen  scale  (SHE).  If  sufficient  area  of  zinc  or  iron  (corros. 
potential,  SHE  «“0.8  and  -0.4V  respectively)  is  coupled  to  it  so  as  to  depress  the  overall 
potential  below  this  value,  pits  will  not  initiate.  An  18-8  propeller  mounted  on  a  steel 
ship  and  in  electrical  contact  with  it  does  not  experience  pitting  corrosion.  In  the  case 
of  aluminum,  the  corroaponding  critical  potential  is  more  active  (-0.45V)  and  therefore 
zinc,  but  not  iron,  is  a  satisfactory  sacrificial  metal. 

Pitting  of  aluminum  or  stainleas  steels  can  also  be  avoided  by  reducing  the  dissolved 
02  concentration  (deaerating)  of  sea  water.  The  corrosion  potential  of  the  metal  is 
thereby  depressed  below  the  critical  value.  Also,  because  passivity  is  thereby  altered  or 
perhaps  destroyed,  damaging  electrochemical  cells  (passive  -  active  cella)  are  avoided 
which  account  for  pit  growth.  Along  the  same  lines,  pitting  inhibitors  like  nitrates  (for 
A1  or  18-8)  or  hydroxyl  ions  (for  18-8)  can  be  added  to  saline  solutions (Fig.  1,2);  their 
action  is  to  shift  the  critical  pitting  potential  to  values  that  are  noble  to  the 
prevailing  corrosion  potential  of  the  metal.  The  marine  engineer,  in  other  words,  should 
have  available  a  table  of  critical  pitting  potentials  for  passive  metals, as  well  as  of 
corrosion  potentials  of  the  common  sacrificial  metals,  in  order  to  properly  design  marine 
structures  incorporating  pit-sensitive  passive  metals. 

Although  pit  initiation  can  be  avoided  as  described,  it  is  still  possible  for  some 
passive  metals  to  undergo  localized  corrosion  at  crevices  (crevice  corrosion)  at  potentials 
below  the  critical  values.  The  reason  for  this  is  that  stagnant  electrolyte  in  crevices 
becomes  deficient  in  dissolved  0?  resulting  from  continuing  slight  uniform  corrosive  attack 
of  the  metal.  The  resultant  differential  aeration  cell  between  metal  inside  and  outalde 
the  crevice  builds  up  acid  corrosion  products  within  the  crevice  accompanied  by  increased 
Cl-  concentration.  Eventually  passivity  breaks  down  within  the  crevice  and  the  resultant 
passive -active  cell  of  large  potential  difference  causes  marked  continuing  corrosion  of 
active  metal.  The  larger  the  area  of  passive  metal  outside  the  crevice,  the  greater  is  the 
galvanic  current  and  corresponding  localized  attack.  To  avoid  crevice  corrosion,  it  is 
good  practice,  of  course,  to  rigorously  avoid  all  crevices  in  the  design  of  equipment  and 
structures  exposed  to  aqueous  solutions,  a  rule  that  is  well  known  to  corrosion  engineers. 
Existing  crevices  should  be  avoided  by  filling  them  with  veld  metal  or  with  inaulatlng 
cements,  or  avoiding  surface  films  such  as  are  formed  by  fouling  organisms.  Stirring  of 
the  electrolyte  sometimes  helps  by  equalizing  composition  of  solution  inside  and  outside 
the  crevice.  Cathodic  potection  may  also  be  employed.  Metallurglcally,  crevice  corrosion 
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Is  minimized,  but  not  eliminated,  by  choosing  alloys  that  tend  to  retain  their  passivity  In 
solutions  of  low  pH  and  low  partial  pressures  of  dissolved  oxygen.  Adding  a  few  tenths 
percent  Pd  to  titanium  is  helpful,  as  is  the  addition  of  molybdenum  to  18-8  stainless  steels 
(type  316).  Further  advances  of  this  kind  in  the  development  of  passive  alloys  are  much 
needed  in  order  to  avoid  a  troublesome  and  often  serious  type  of  damage  In  saline 
environments. 


Melded  Structures 


If  structures  are  to  be  welded,  it  is  necessary  to  know  the  effect  of  heat  treatment  on 
corrosion  rates.  For  commercially  pure  metals  e.g.  copper,  nickel,  titanium  and  aluminum, 
heat  treatment  has  no  appreciable  effect.  Carbon  steels  can  also  be  welded  without 
damaging  effect  in  sea  water  if  recognition  is  taken  of  the  proper  galvanic  relations 
between  weld  metal  and  base  steel,  and  any  mill  scale,  which  acts  as  a  cathodic  surface,  is 
removed.  But  for  many  aluminum-base  alloys,  austenitic  and  ferritic  stainless  steels, 
Hastelloys,  Inconels  and  similar  alloys,  welding  operations  may  induce  accelerated  corrosive 
attack  at  grain  boundaries  either  at  the  weld  area  or  near  it  (weld  decay).  To  avoid 
sensitivity  to  such  attack,  the  structure  can  sometimes  be  heat  treated  after  welding,  m 
alloys  can  be  employed  that  resist  the  responsible  heat-induced  composition  change  along 
grain  boundaries  e.g.  use  of  "stabilized"  austenitic  stainless  steels.  The  marine  engineer, 
therefore,  should  also  have  complete  data  on  the  effect  of  heat  treatment  at  all 
temperatures  on  corrosion  resistance  of  alloys  before  specifying  materials  for  a  welded 
Joint  or  the  conditions  of  stress-relief  heat  treatment. 

Effect  of  Velocity 

High  velocity  conditions  accelerate  corrosive  attack  of  some  metals  more  than  others. 

In  general,  passive  metals  are  better  resistant  to  so  called  impingement  attack  or 
corrosion-erosion  than  are  the  non-passive  metals.  Copper,  for  example,  Is  especially 
sensitive  to  attack  by  high  velocity  sea  water  despite  its  good  corrosion  resistance  in 
slow  moving  sea  water.  Alloying  copper  with  Zn,  A1 ,  or  Ni  makes  it  more  resistant, 
accounting  for  the  prevailing  compositions  of  condenser  tube  alloys  used  commercially  for 
sea-water  heat  exchangers.  The  stainless  steels  are  more  resistant  than  iron,  and  Monel 
(70%  Ni-Cu),  being  passive,  is  more  resistant  than  are  the  cupro-nickel  alloys  (10-30%  Ni- 
Cu).  The  passive  alloys,  however  as  mentioned  earlier,  tend  to  undergo  pitting  corrosion 
which  makes  them  unattractive  for  condenser  tube  applications  despite  their  good  resistance 
to  high  velocity  waters.  Hence  cupro-nickels  and  aluminum  brasses,  although  not  quite  as 
resistant  to  impingement  attack,  are  preferred  for  sea-water  exposures.  Titanium  and 
titanium-base  alloys  resist  both  high  velocity  conditions  and  pitting  corrosion,  making 
them  expeclally  useful  for  condenser  tubes  and  similar  applications.  Some  of  the  available 
alloys  (but  not  pure  titanium  low  in  alloyed  oxygen)  are  subject  to  stress  corrosion 
cracking,  and  this  factor  must  be  taken  into  account.  At  temperatures  above  the  boiling 
point  of  sea  water, the  critical  pitting  potential  of  titanium  or  of  titanium  alloys  in 
dilute  chloride  solutions  approaches  the  neighborhood  of  normal  corrosion  cell  voltages 
(approximately  1  volt)  and  hence  under  these  conditions  are  subject  to  pitting  attack. 

This  is  not  usually  a  factor  at  atmospheric  pressures,  except  for  very  concentrated  hot 
chloride  solutions  e.g.  boiling  CaCl2.  However,  crevice  corrosion  of  titanium  occurs  In 
hot  sea  water  at  atmospheric  pressure. 

Effect  of  Stress 

Contrary  to  general  impressions,  a  stressed  metal  or  one  that  is  severely  cold-worked 
does  not  usually  corrode  more  rapidly  in  sea  water  compared  to  ai.  unstressed  or  annealed 
metal.  The  corrosion  rates  of  metals  like  copper,  lead,  iron  and  carbon  steels  depend  on 
the  rate  of  diffusion  of  dissolved  oxygen  to  the  metal  surface,  and  hence  corrosion  rates 
are  not  affected  by  the  structure  of  the  underlying  metal.  Only  in  acids,  like 
hydrochloric,  is  attack  of  cold-worked  carbon  steels  more  rapid  than  for  annealed  steels. 

The  corrosion  product  is  now  hydrogen  gas,  the  rate  of  formation  of  which  depends  on  the 
number  of  lattice  imperfections  (produced  by  plastic  deformation)  occupied  by  carbon  atoms 
and  of  low  overvoltage.  This  same  factor  is  not  Important  to  the  corrosion  rates  in 
hydrochloric  acid  of  cold-worked  pure  aluminum,  copper  or  nickel. 


The  pitting  behavior  of  paitlve  metals  is  also  not  appreciably  affected  by  stress  or 
cold-work  under  conditions  where  the  temperature  of  plaetlc  deformation  does  not  rise 
above  a  point  permitting  metal  diffusion  and  localised  composition  changes  within  the 
alloy.  The  critical  pitting  potential  of  cold-worked  18-8  type  304  atainless  steel  in  0.1 
N  NaCl  is  about  0.1  V  more  active  than  that  of  annealed,  quenched  18-8(7).  Uniform 
corrosion  rates  of  passive  metals  in  sea  water  in  general  remain  email  or  negligible 
whether  the  metal  la  cold-worked  or  annealed. 

However,  the  main  effect  of  a  tensile  stress  (not  comprasslonal)  is  to  cause  cracking 
of  some  alloys  in  specific  chemical  environments  (stress  corrosion  cracking).  Iron,  and 
low  or  moderate  strength  steels  are  fortunately  resistant  to  this  type  of  attack  in  sea 
water,  but  they  fall  by  cracking  in  nitrate  solutions,  hot  or  cold,  or  in  hot  alkaline 
solutions..  Pure  metals  are  resistant  or  Immune  to  this  type  of  attack  in  all  envlronmenta, 
the  degree  of  required  purity  varying  with  the  metal  and  the  environment.  Many  comnonly 
used  austenitic  (<45Z  Ni)  and  ferritic  stainlees  steels  (e.g.  those  containing  2Z  Ni  or  a 
few  tenths  percent  Cu)  are  sensitive  to  cracking  in  hot  saline  solutions.  High-strength 
titanium  alloys  are  sensitive  to  cracking  in  sea  water  either  hot  or  cold,  as  are  high 
strength  aluminum  alloys  and  magnesium  alloys.  Copper-base  alloys  are  normally  reeiatant 
to  sea  water;  they  may  crack  however  in  anmtonla  or  amine  atmospheres  or  in  ammonlacal 
aqueous  solutions.  Interestingly,  they  are  not  susceptible  in  absence  of  dissolved 
oxygen,  accounting  for  their  successful  use  as  condenser  tube  alloys  for  steam  boilers 
despite  the  often  intentional  addition  of  ammonia  or  amines  to  boiler  water  in  order  to 
control  corrosion  of  the  steel  boiler  or  of  steam  return  lines.  The  marine  engineer, 
obviously,  should  have  complete  information  on  environments  that  cause  stress  corrosion 
cracking  of  structural  metals. 

The  evidence  accumulated  so  far  indicates  that  stress  corrosion  crocking  occurs  only 
above  a  critical  potential  which  variea  with  the  metal  and  its  environment.  For 
austenitic  stalnlese  eteels,  which  are  among  the  alloys  that  have  been  studied  most  so  far, 
the  critical  potential  of  18-8  in  concentrated  MgCl?  boiling  at  130PC  is  -0.128V  (SHE)  for 
annealed  quenched  alloy™)  and  -0.14SV  (SHE)  for  36X  cold  reduced  alloy  ™)  (Fig.  3). 
Analogous  potentials  have  been  reported  for  the  18Z  chromium  ferritic  stainless  steels, 
(Fig.  4)0-®)  .and  for  carbon  steels  in  nitrateadl)  (12) .  similar  measurements  are  still  to 
be  accumulated  for  other  metal  systems.  They  are  important  to  structures  adequately 
designed  to  avoid  failure  by  stress  corrosion  cracking  under  specific  conditions  of 
exposure. 

For  example,  because  of  the  Influence  of  the  critical  potential  on  failure,  certain 
galvanic  couples  can  be  employed  to  avoid  failures  by  stress  corrosion  cracking.  Examples 
of  some  of  these  are  Hated  in  Table  I.  As  in  pitting  corrosion,  inhibitors  can  also  be 
added  to  the  anvlrorasant  to  shift  the  critical  potential- to  more  noble  values  thus 
avoiding  the  damaging  potential  range,  or  in  certain  Instances  rate  of  crack  growth  can  bo 
retarded . 

A  epeclal  comment  is  needed  with  respect  to  high  strength  steels,  which  probably  also 
applies  to  high  strength  aluminum,  copper,  nickel  and  titanium  alloys  as  well.  Here  the 
damaging  environment  above  a  critical  stress  level  can  be  water  alone.  For  carbon  steels, 
including  the  low  alloy  carbon  steels,  martensitic  and  precipitation-hardening  stainless 
steels,  anc  marag<ng  Ni  steels,  the  critical  yield  strength  is  about  180,000  psi.H^). 

Any  steel  above  this  strength  level  stressed  to  75Z  of  its  yield  strength  and  exposed  to 
the  normal  atmosphere  will  fall  within  weeks  or  months.  Cathodic  protection  elthough 
useful  for  some  metals  is  less  rallable  for  high  strength  steels  including  martensitic 
stainless  and  maraglng  steels  becauss  generation  of  hydrogen  at  the  metal  surface  may 
cause  hydrogen  cracking  which  is  fully  as  damaging  as  stress  corrosion  cracking.  Cathodic 
protection  has  moie  promising  utility  for  protecting  the  high  strength  copper-base  or 
aluminum-base  alloys  which  are  not  subject  to  hydrogen  cracking.  In  practice,  high 
strength  steels  are  Insulated  from  contact  with  moisture  by  use  of  greases  or  a  cadmium 
electroplate.  Cadmium  is  preferred  because  it  has  about  the  same  corrosion  potential  as 
steel,  and  hence  any  galvanic  cells  that  ars  set  up  at  defects  in  the  coating  generate 
less  damaging  hydrogen  than  would  a  coating  which  is  more  active  in  potential  than  steel, 
such  as  sine.  Because  high  strength  steels  are  sensitive  to  both  moisture  and  hydrogen, 
it  is  often  advisable  to  use  a  lower  strength  steel  of  thicker  cross  section  to  sustain  a 
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given  load. 


If  the  applied  straas  i*  cyclic  or  repeated,  metala  whether  of  low  or  high  atrength 
fail  by  fatigue.  The  fatigue  life  ia  typically  ahorter  the  Bore  corrosive  the  environment 
to  which  the  metal  ia  exposed.  All  corroaive  environments  tend  to  be  damaging  in  contrast 
to  only  specific  environments  that  cause  damage  by  stress  corrosion  cracking  under 
conditions  of  static  stress.  Although  fatigue  resistance  in  air  la  typically  greater  the 
higher  the  strength  of  the  metal,  the  property  of  corrosion  resistance  is  usually  more 
Important  to  the  fatigue  resistance  of  any  cyclically  stressed  metal  in  sea  water.  For 
example,  copper  or  cupro-nlckal  alloys  which  corrode  uniformly  at  low  rates  have  longer 
fatigue  life  in  sea  water  than  do  medium  or  high  strength  carbon  steels  which  are  stronger 
but  corrode  at  higher  rates.  Similarly,  stainless  steels  in  sea  water  are  usually  more 
resistant  to  fatigue  than  are  low-alloy  steels  of  the  same  or  higher  tensile  strength. 

It  has  been  found  that  the  damage  to  fatigue  life  caused  by  a  corrosive  environment 
exists  only  if  the  uniform  corrosion  rate  lies  above  a  specific  value  which  varies  with  the 
metal.  (14-16)  yor  mild  steel  or  high  strength  steels  the  specific  rate  is  about  5  mdd, 
and  for  copper  it  is  285  mdd.  Hence  the  fatigue  limit  of  carbon  steels  in  deaerated  sea 
water,  in  which  the  corrosion  rate  lies  below  5  mdd,  Is  the  same  as  that  in  air  (Fig.  5). 
Cathodic  protection  effectively  increases  fatigue  life  to  the  value  in  air  at  any  potential 
which  reduces  the  uniform  corrosion  rate  below  the  specific  value.  It  is  not  necessary,  in 
other  words,  to  reduce  the  corrosion  rate  to  zero.  The  normal  corrosion  rate  of  copper  in 
aerated  sea  water  lies  below  the  specific  rate  corresponding  to  a  fatigue  life  of  10' 
cycles,  accounting  for  the  observed  good  resistance  of  copper  to  corrosion  fatigue. 

Present  data  indicate  in  addition  that  effective  inhibitors  for  any  metal  are  those  that 
reduce  the  uniform  corrosion  rate  below  the  specific  corrosion  rate. 

High  strength  steels  up  to  approximately  300,000  psi  tensile  strength  when  fatigued  in 
dry  air  have  a  fatigue  limit  equal  to  about  1/2  the  tensile  strength  (Fig.  6).  However, 
the  fatigue  life  falls  below  normal  dry-air  values  at  tensile  strengths  in  the  order  of 
170,000  psi  or  above  in  presence  of  atmospheric  moisture  or  of  water  whether  deaerated  or 
not.  Their  behavior  in  this  respect  overlaps  their  sensitivity  to  stress  corrosion 
cracking  in  presence  of  moisture. 
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Discussion 

Reference  was  made  to  the  author's  experiments  in  which  coupling  equal 
areas  of  17  Cr  -  2  Ni  steel  to  16  Cr  iron  increased  resistance  to  cracking 
from  0.7  hours  to  200  hours,  and  the  question  was  asked  whether  much  smaller 
anode/cathode  ratios  such  as  are  common  in  cathodic  protection.  The  author 
replied  that  there  are  few  quantitative  data  on  this  point,  but  that  a  very 
small  ratio  can  be  effective.  In  reply  to  another  question,  the  author 
said  that  there  is  a  critical  potential  for  SCC  of  18/8  stainless  steel  in 
magnesium  chloride  boiling  at  130*C,  and  the  value  of  this  potential  is 
0.1S  v  (SHE).  In  reply  to  a  question  concerning  the  effect  of  stirring  on 
crevice  corrosion,  the  author  noted  that  crevice  attack  is  accelerated  for 
deep  crevices  but  that  stirring  is  beneficial  for  shallow  crevices. 
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Fig.  1  Inhibiting  Effect  of  Nitrates  and  Chromate*  on  Pitting  Corroalon  of 
Aluminum  in  Chloride  Solutions.  No  pitting  Is  observed  at  Inhibitor 
concentrations  lying  to  the  right  of  the  respective  lines.,  2S°C  (3) 


Fig.  2  Inhibiting  Effect  of  Nitrates  and  Hydroxyl  Iona  on  Pitting  Corroalon 
of  18-8  Stainless  Steel  In  Chloride  Solutions^),  25°C 
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Fig.  3  Efface  of  Cathodic  Polarisation  of  Cold-rollad  18-8  Stainless  Steel 
on  Stress  Corrosion  Cracking  in  MgCl.  Solution,  130°C.  Critical 
potential  below  which  failure  does  not  occur  is  -0.145  V.  (  > 


Fig.  4  Effect  of  Alloyed  Nickel  in  Cold-Rolled  Ferritic  Stalnleas  Steele 
on  Critics!  and  Corrosion  Potentials  in  MgClj,  130°C.  (10) 


Fig.  5  Effect  of  Dissolved  Oxygen  Concentration  or  Corrosion  Rate  in  3Z  NaCl 
Solution  on  Fatigue  Life  of  0.18Z  C  Steel,  25°C  (13) 
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■  Influence  of  Minor  Alloy  Additions  on  the 

4  Passive  Behavior  of  Binary  Cu-Ni  Alloys 

I  Ellis  D.  Verink,  Jr.  and  T.  S.  Lee,  III 


Department  of  Materials  Science  and  Engineering 
University  of  Florida,  Gainesville,  Florida  32601 


Electrochemical  hysteresis  methods  have  been  employed 
to  construct  experimental  potential  vs  pH  diagrams  for  a 
series  of  eight  iron- free  alloys  ranging  from  pure  copper 
to  pure  nickel  in  chloride- free  and  in  0.1M  NaCl  electro¬ 
lytes  at  room  temperatures.  Interconnecting  corresponding 
features  of  these  diagrams  produces  a  three-dimensional 
potential  vs  pH  vs  composition  diagram  which  defines  do¬ 
mains  of  corrosion  and  noncorrosion  and  delineates  electro¬ 
chemical  conditions  for  existence  of  stable  species.  The 
compositions  of  the  solid  species  are  confirmed  by  x-ray 
analytical  methods  where  possible.  Interconnecting  corro¬ 
sion  velocity  contours  for  each  diagram  generates  surfaces 
in  three  dimensions  which  provide  relative  information  re¬ 
garding  the  influence  of  alloy  additions  <>n  corrosion  kin¬ 
etics.  The  three-dimensional  diagram  for  iron-free  Cu-Ni 
provides  a  "base  line"  for  assessing  the  influence  of  minor 
solute  additions  to  the  binary  Cu-Ni  alloy  system.  Data 
are  presented  for  five  different  iron  levels  in  90-10  Cu- 
Ni;  four  iron  levels  in  80-20  Cu-Ni  and  three  iron  levels 
in  70-30  Cu-Ni. 

Experimental  potential  vs  pH  diagrams  of  alloys  rich 
in  one  constituent  tend  to  have  many  features  in  common 
with  the  equilibrium  Pourbaix  Diagram  for  the  major  alloy 
constituent.  In  the  Cu-Ni  system,  the  experimental  dia¬ 
grams  for  the  Cu-rich  alloys  tend  to  resemble  those  for 
pure  copper  in  varying  degrees.  Likewise  at  the  nickel- 
rich  end,  the  experimental  diagrams  for  the  alloys  tend 
to  resemble  that  of  pure  nickel.  In  the  case  of  pure  nic¬ 
kel,  however,  the  experimental  potential  vs  pH  diagram 
bears  little  resemblance  to  the  equilibrium  Pourbaix  Dia¬ 
gram  constructed  from  thermodynamic  data. 

In  nil-chloride  solutions  the  change  in  the  experi¬ 
mental  potential-pH  diagrams  with  increasing  nickel  is 
gradual  over  the  entire  compositional  range.  The  general 
corrosion  region  "shrinks"  to  a  small  pH  range,  but  the 
"immunity"  line  seems  to  remain  more  or  less  unchanged  up 
to  45-55  Cu-Ni.  As  nickel  increases  beyond  551  the  immun¬ 
ity  line  moves  to  more  active  potentials  in  the  acid  re¬ 
gion.  In  the  alkaline  region,  as  nickel  increases  above 
551,  the  position  of  the  metal/oxide  coexistence  line 
shifts  from  the  expected  position  of  the  Cu/Cu20  coexist¬ 
ence  to  the  expected  position  of  the  Ni/Ni(OH)l  coexist¬ 
ence.  Increasing  nickel  also  widens  the  pH  range  of  pas¬ 
sive  behavior  in  chloride-free  solutions. 
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By  contrast,  in  . 1M  NaCl  solutions  there  is  a  rela¬ 
tively  abrupt  change  in  the  character  of  the  potential 
vs  pH  diagrams  at  about  SO-SO  Cu-Ni.  On  the  copper-rich 
side  of  this  composition  the  diagrams  tend  to  resemhle_ 
the  Cu-Cl-IKO  equilibrium  Pourbaix  Diagram  (for  . 1M  Cl') 
in  many  respects.  On  the  nickel- rich  side  they  tend  to 
resemble  the  pure  nickel  diagram  for  . 1M  NaCl. 

Key  Words:  Electrochemical  corrosion,  protection 
potential,  Pourbaix  Diagram,  potential,  pH,  pitting 
potential,  copper-base  alloys,  Cu-Ni,  cupronickel, 
chlorides,  copper,  nickel,  iron  modified  cupronickel, 
hysteresis . 


1.  Introduction 

Copper-base  alloys  enjoy  wide  usage  throughout  industry,  particularly  in 
sea  water  applications,  where  they  generally  exhibit  a  low  corrosion  rate  and 
an  inherent  resistance  to  marine  fouling.  Copper-nickel  alloys  are  used  ex¬ 
tensively  in  surface  condensers  and  salt  water  lines  on  shipboard,  and  for 
heat  exchanger  tubes  in  oil  refineries.  Among  the  alloys  enjoying  the  widest 
usage  are  90-10  cupronickel,  70-30  cupronickel  and  Monel1.  While  various  in¬ 
vestigations  have  reported  the  general  effect  of  nickel  content  in  binary 
copper-nickel  alloys  ( 1 - 10) 2  and  the  effect  of  iron  in  cupronickels  (11-15) 
on  their  resistance  to  corrosion,  little  has  been  published  relating  electro¬ 
chemical  observation  with  corrosion  behavior.  This  investigation  presents 
electrochemical  aspects  of  the  corrosion  behavior  of  the  alloys  of  the  binary 
copper-nickel  system  and  organizes  experimental  observations  into  potential 
vs  pH  diagrams. 


2.  Experimental 

Electrochemical  hysteresis  methods  (16,17)  have  been  employed  to  con¬ 
struct  experimental  potential-pH  diagrams  for  a  series  of  binary  copper-nickel 
alloys  (Table  1)  ranging  from  pure  copper  to  pure  nickel  in  chloride- f ree  and 
in  0.1M  Cl*  hydrogen-deaerated  electrolytes  at  room  temperature.  These  dia¬ 
grams  provide  a  "base  line"  for  assessing  the  influence  of  minor  solute  addi¬ 
tions  to  the  binary  copper-nickel  alloys,  notably  iron  additions  to  cupronic¬ 
kels  (Table  1).  Figure  1  shows  a  flow  chart  for  the  organization  of  this 
electrochemical  investigation. 

The  experimental  method  and  the  equipment  used  in  this  investigation  have 
been  discussed  elsewhere  (18).  In  establishing  the  details  of  the  experi¬ 
mental  technique  for  this  study,  it  was  necessary  to  qualify  and  standardize 
the  following  procedures  so  as  to  avoid  spurious  configurations  in  the  polar¬ 
ization  curves: 

1.  Sample  polishing  procedure 

2.  Sample  cleaning  procedure 

3.  Selection  of  electrolyte  buffers 

4.  Polarization  scan  rate 

5.  Alloy  microstructure 

These  procedures  and  the  method  in  which  they  were  derived  are  also  dis¬ 
cussed  elsewhere  (18). 


‘Trade  name,  International  Nickel  Company,  Inc. 

sFigures  in  parentheses  indicate  the  literature  references  at  the  end  of  this 
paper. 
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3.  Results 

Copper-Nil  Chloride  Solutions 

Figure  2  shows  a  comparison  between  the  equilibrium  Pourbaix  Diagrams  for 
the  system  copper-water  (ionic  species  at  a  ■  10*6)  (19)  and  the  experimental 
E-pH  diagram  for  pure  copper  in  nil  chloride  solutions.  Figure  2(a)  is  the 
equilibrium  diagram  considering  CuO,  while  2(b)  considers  Cu(0H)2  as  the  stable 
solid  species.  There  is  reasonably  good  agreement  between  the  various  features 
of  the  equilibrium  diagrams  and  the  experimental  diagram.  The  immunity  line, 
that  is,  the  line  separating  the  immunity  region  from  tjij  corrosion  region  ap¬ 
pears  to  correspond  to  an  equilibrium  between  Cu  and  Cu  in  nil  chloride  so¬ 
lutions. 

The  zero  current  potentials  (on  the  upward  potential  scan)  in  the  neutral 
and  alkaline  pH  ranges  correspond  closely  to  an  equilibrium  between  Cu  and 
Cu,0.  Primary  passivation  corresponds  to  the  expected  position  of  the  Cu,0/ 

CuO  coexistence,  while  secondary  passivation  occurs  close  to  the  expected^po- 
sition  of  the  Cu20/Cu(0H)2  coexistence.  The  vertical  line  separating  corro¬ 
sion  from  passivation  is  at  a  somewhat  lower  pH  than  that  predicted  by  the 
equilibrium  diagrams. 

Copper-Chloride  Solutions 

The  effect  of  chloride  ion  in  solution  is  shown  in  Fig.  3.  With  increas¬ 
ing  chloride  content,  the  immunity  line  shifts  to  more  active  potentials,  the 
corrosion  region  extends  to  a  higher  pH,  and  pitting  occurs  at  more  active  po¬ 
tentials. 

A  comparison  between  equilibrium  Cu-Cl-H20  diagrams  (20)  and  the  experi¬ 
mental  diagram  for  copper  in  0.1  molar  chloride  solutions  (Fig.  4)  once  again 
shows  considerable  similarity.  _The  immunity  line  corresponds  closely  to  the 
equilibrium  between  Cu  and  CuClj  (at  a.,  -  10"6).  Zero  current  potentials 

in  alkaline  solutions  occur  at  the  l2  predicted  position  of  the  equi¬ 

librium  between  Cu  and  Cu20.  Primary  passivation  corresponds  to  the  predicted 
position  of  equilibrium  between  Cu  and  hydrated  Cu20,  while  secondary  passiva¬ 
tion  corresponds  closely  to  the  expected  potentials  for  the  formation  of 
3Cu(OH)2.CuC12  from  Cu20. 

Nickel-Nil  Chloride  Solutions 

In  the  case  of  nickel,  the  agreement  between  theory  and  practice  is  not 
as  satisfying.  Figure  5  compares  the  equilibrium  Pourbaix  Diagram  for  the 
Ni-H20  system  (ionic  species  at  a  -  10’°)  (19)  with  the  experimental  diagram 
for  flickel  in  nil  chloride  solutions.  The  only  obvious  agreement  is  the  cor¬ 
respondence  between  the  zero  current  potentials  in  neutral  and  alkaline  pH's 
with  the  equilibrium  between  Ni  and  Ni(0H)2.  The  region  of  general  corrosion 
is  restricted  to  a  much  lower  pH  and  more  noble  potentials  than  thermodynamics 
predict.  The  passivation  process  forming  the  upper  (noble)  bounds  of  the  cor¬ 
rosion  region  occurs  at  much  more  active  potentials  than  predicted.  Potentio- 
static  tests  for  as  long  as  270  hours  were  performed  to  verify  the  lack  of 
dissolved  nickel  in  solution  in  ranges  of  immunity  and  passivation  as  predicted 
from  the  experimental  diagram. 

In  his  presentation  of  the  equilibrium  Ni-H20  diagram,  Pourbaix  recognized 
the  discrepancies  between  theory  and  experimental  results.  Pourbaix  presented 
a  tentative  experimental  diagram  (19)  which,  while  closer  in  appearance  to  the 
diagram  obtained  in  this  study,  still  indicates  a  much  larger  region  of  general 
corrosion  than  observed  herein.  Under  similar  experimental  conditions  other 
researchers  (21-24)  have  found  results  similar  to  those  presented  herein. 

Sato  and  Okamoto  (21)  have  related  the  passivation  farming  the  upper 
bounds  of  the  corrosion  region  to  an  equilibrium  between  NiOH*  and  NijO^  in 
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the  case  of  a  large  concentration  of  nickel  ions.  This  appears  appropriate 
in  the  present  case  as  high  current  densities,  thus  high  corrosion  rates,  are 
attained  within  the  corrosion  region. 

De  Gromoboy  and  Shrier  (22)  have  suggested  the  possibility  of  higher  ox¬ 
ides  forming  by  direct  oxidation  of  the  metal.  The  Ni/Ni30,  equilibrium  is 
given  by  the  relation,  E  -  0.31  -  0,059  pH.  This  corresponds  closely  to  the 
primary  passivation  potential  in  neutral  and  alkaline  solutions  for  the  exper¬ 
imental  diagram.  They  also  have  shown  that  at  certain  stages  of  the  polariza¬ 
tion  of  nickel,  the  reaction  Ni  NiO  is  kinetically  easier  than  Ni  ♦  Ni++ , 
and  subsequently  that  the  Ni  -*■  NiT0,  reaction  is  favored  kinetically  over 
Ni  -  NiO.  J  4 

It  seems  possible  that  kinetic  effects  combined  with  possible  inaccura¬ 
cies  in  the  thermodynamic  data  for  the  Ni  ■*  Ni++  reaction  may  account  for  the 
discrepancies  between  equilibrium  calculations  and  experimental  results.  The 
thermodynamic  inaccuracies  may  be  due  to  the  difficulty  in  attaining  a  revers¬ 
ible  equilibrium  between  Ni  and  Ni++  (25). 

Nickel-Chloride  Solutions 


Figure  6  shows  the  effect  of  chloride  ion  in  solution  on  the  experimental 
E-pH  diagram  for  nickel.  This  effect  manifests  itself  in  an  enlargement  of 
the  corrosion  regio.i  to  a  higher  pH  and  more  active  potentials.  Corrosion 
also  extends  to  more  noble  potentials  due  to  the  absence  of  a  passive  film  in 
acid  chloride  solutions.  While  the  same  equilibria  which  occur  in  nil  chlor¬ 
ide  solutions  appear  to  be  evident  in  neutral  and  alkaline  pH's,  the  rupture 
potentials  shift  to  more  active  values. 

Attempts  at  correlating  the  zero  current  potentials  in  acid  solution  with 
the  formation  of  some  known  chloride  complex  were  unsuccessful.  Consequently, 
no  thermodynamic  basis  for  this  behavior  has  been  established. 

Copper-Nickel  Alloys-Nil  Chloride  Solutions 

The  influence,  on  experimental  E-pH  diagrams  developed  in  nil  chloride 
solutions,  of  increasing  nickel  in  binary  copper-nickel  alloys  is  shown  in 
Fig.  7.  The  general  trend  is  to  decrease  the  pH  range  of  corrosion  and  shift 
line  V  (immunity  line)  to  more  active  potentials.  This  shift  appears  to  occur 
in  a  gradual  fashion  over  the  entire  compositional  range.  The  critical  transi¬ 
tion  range  from  general  "copper- like"  to  "nickel-like"  behavior  occurs  in  the 
composition  range  between  80-20  and  55-45  copper-nickel.  This  range  encompas¬ 
ses  the  critical  alloy  composition  for  passivity  as  defined  by  the  electron 
configuration  theory  suggested  by  Uhlig  (4). 

The  80-20  alloy,  while  still  exhibiting  a  larger  corrosion  region  than 
nickel,  has  a  zero  current  line  (X)  approaching  that  of  the  Ni/NifOH),  equi¬ 
librium.  Primary  passivation  (line  Y)  occurs  at  nearly  the  same  potentials 
as  nickel,  but  is  confined  within  a  narrower  range  of  pH.  Secondary  passiva¬ 
tion  (line  Z)  coincides  with  primary  passivation  (line  Y)  in  the  Cu  diagram 
indicating  a  copper-oxide  equilibrium.  However,  identification  of  this  film 
in  situ  was  not  possible  using  conventional  techniques  because  of  the  extreme 
thinness  of  the  films.  Persistence  of  this  equilibrium  continues  until  the 
pure  nickel  experimental  E-pH  diagram. 

The  experimental  E-pH  diagram  for  the  55-45  alloy  exhibits  a  general 
shape  similar  to  that  of  pure  nickel.  The  corrosion  region  encompasses  the 
same  pH  range;  however,  corrosion  exists  at  more  noble  potentials  than  in  pure 
nickel.  The  pH  range  of  primary  passivation  (line  Y)  is  greater  than  in  the 
80-20  alloy  and  continues  to  increase  with  increasing  nickel  content. 

The  4S-SS  alloy  diagram  shows  the  appearance  of  an  upper  (noble)  boundary 
on  the  corrosion  region.  The  electrochemical  potential  range  of  general  corro- 
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sion  region.  The  electrochemical  potential  range  of  general  corrosion  contin¬ 
ues  to  decrease  with  increasing  nickel,  while  the  onset  of  corrosion  (line  V) 
occurs  at  progressively  more  active  potentials. 

The  current  density  contour  diagrams  for  alloys  exposed  to  nil  chloride 
solutions  (Fig.  8)  show,  with  increasing  nickel  content,  an  increase  in  the 
corrosion  rate  within  the  general  corrosion  region  and  a  decrease  in  corrosion 
rates  within  the  region  of  passivation. 

Copper-Nickel  Alloys- Chloride  Solutions 

Figure  9  shows  a  composite  of  experimental  E-pll  diagrams  for  alloys  ex¬ 
posed  to  0.1  molar  chloride  solutions.  The  general  shape  of  the  diagrams  re¬ 
mains  similar  to  that  of  copper  through  the  55-45  diagram.  The  immunity  line 
(V) ,  the  zero  current  line  (X),  and  primary  passivation  (Y)  are  essentially 
unchanged  as  nickel  is  added  up  to  about  45*,.  Secondary  passivation  (Z)  is  no 
longer  evident  after  about  101  nickel.  The  vertical  line  (W)  separating  gen¬ 
eral  corrosion  from  pitting  and  passivation,  is  shifted  to  progressively  lower 
pH's  as  the  nickel  content  in  the  alloy  is  increased. 

The  existence  of  th  "corrosion  boot"  in  the  copper-rich  alloys  has  been 
verified  by  potentiostatic  test. 

The  change  from  "copper- like"  to  "nickel  -  like"  behavior  at  approximately 
SOi  nickel  is  in  good  agreement  with  results  obtained  by  LaQue  in  sea  water 
(1,2).  The  decrease  in  corrosion  at  nickel  concentrations  greater  than  approx¬ 
imately  501  can  probably  be  attributed  to  the  disappearance  of  a  corrosion  re¬ 
gion  in  the  neutral  pH  range  of  sea  water  for  alloys  containing  greater  nickel 
concentrations. 

The  nickel-rich  alloys  exhibit  a  general  behavior  similar  to  that  of  nic¬ 
kel.  The  45-55  diagram  has  the  general  shape  of  the  nickel  diagram  but  the 
immunity  line  (V)  still  appears  to  be  at  the  same  potential  as  the  copper  im¬ 
munity  line.  Line  X  (zero  current  line)  coincides  closely  with  the  Ni/NifOH), 
equilibrium,  while  line  Y  (primary  passivation)  corresponds  to  line  Y  in  the 
nickel  diagram. 

The  vertical  line  (W)  shifts  to  the  same  pH  as  for  pure  nickel  in  the  25- 
75  alloy  diagram,  while  the  immunity  line  (V)  shifts  to  a  more  active  potential 
approaching  that  for  nickel. 

The  current  density  contour  diagrams  for  alloys  exposed  to  0.1  molar 
chloride  solutions  (Fig.  10)  show  no  appreciable  changes  in  corrosion  rate 
from  that  of  pure  copper  as  nickel  is  added  to  the  alloys. 

Copper-Nickel-Iron  Alloys-Chloride  Solutions 

The  effect  of  iron  additions  to  cupronickels  on  their  electrochemical  be¬ 
havior  is  very  slight.  The  immunity  potential  shifts  slightly  with  varying 
iron  content  as  is  shown  in  Fig.  11.  Assuming  that  the  optimum  solute  concen¬ 
tration  coincides  with  the  most  noble  value  of  immunity  potential,  the  optimum 
iron  concentration  for  90-10  is  1.41  iron;  for  80-20,  it  is  1.21  iron;  and  for 
70-30,  it  is  0.91  iron. 

It  also  appears  that  the  rupture  potentials  are  shifted  to  slightly  more 
noble  potentials  at  the  optimum  iron  concentrations  for  all  three  cupronickels 
(Fig.  12). 

For  the  90-10  and  70-30  cupronickels,  all  other  characteristics  of  the 
experimental  E-pH  diagrams  apparently  remain  virtually  unaffected.  The  addi¬ 
tion  of  1.21  or  2.3%  Fe  to  the  80-20  cupronickel  results  in  the  manifestation 
of  a  secondary  passivation,  which  is  not  evident  in  the  alloys  containing 
<0.05  and  0.71  Fe. 
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Using  chronoamperomet ric  techniques,  it  was  found  that  the  rate  of  forma¬ 
tion  of  the  primary  passive  film  on  90-10  alloys  was  quickest  for  the  1.41  Fe- 
containing  alloy.  Table  2  shows  that  a  steady-state  current  density  was 
reached  within  one  minute  for  the  alloy  containing  1.41  Fe.  The  alloy  contain¬ 
ing  1.41  Fe  also  showed  the  lowest  steady-state  current  indicating  that  this 
film  was  not  only  formed  most  rapidly  but  also  was  more  protective  than  films 
on  alloys  containing  less  iron. 

A  similar  study  at  secondary  passivation  potentials  indicates  that  the 
1.41  Fe  alloy  forms  a  secondary  passive  film  as  protective  as  that  form'd  on 
the  iron-free  alloy  after  30  minutes.  This  is  evident  by  comparing  circled 
values  within  Table  3.  Once  again,  the  degree  of  "protectiveness"  appears  to 
be  greatest  at  the  1.41  Fe  level. 

Tables  4  and  5  show  results  of  chronoamperometric  studies  on  80-20  and 
70-30  alloys  containing  various  iron  concentrations.  In  Table  4,  it  can  be 
seen  that  the  greatest  "protectiveness"  is  afforded  by  the  alloy  containing 
1.21  Fe.  Table  S  shows  that  the  time  required  for  formation  of  the  primary 
passive  film  on  the  0.91  Fe  alloy  is  one-sixtieth  that  of  the  iron-free  alloy 
and  that  the  film  on  the  0.91  Fe  alloy  affords  the  greatest  "protectiveness". 

The  optimum  iron  concentrations  found  in  this  study  are  in  the  same  gen¬ 
eral  range  as  those  reported  previously  for  increased  impingement  resistance 
(11-14). 


4.  Conclusions 

From  a  systematic  electrochemical  study  of  binary  copper-nickel  alloys 
the  following  conclusions  appear  justified: 

1.  The  experimental  potential-pH  diagrams  for  pure  copper  are  in  good 

agreement  with  the  equilibrium  Pourbaix  Diagrams  for  the  systems  Cu-H,0  and 
Cu-C1-H20.  l 

2.  The  effect  of  chloride  ion  on  the  potential-pH  diagram  for  pure  cop¬ 
per  in  aqueous  solutions  is: 

a.  to  increase  the  potential  and  pll  range  of  general  corrosion, 

b.  to  lower  the  "rupture"  potentials  to  more  active  values, 

c.  apparently  to  favor  the  formation  of  chloride  -  containing ,  pas¬ 
sive  films. 

3.  The  "general  corrosion"  region  of  the  experimental  potential-pH  dia¬ 
gram  for  the  Ni -H,0  system  is  restricted  to  a  much  smaller  potential  and  pH 
range  than  that  predicted  by  the  equilibrium  Pourbaix  Diagram. 

4.  Chloride  ion  additions  in  aqueous  solution  have  the  following  influ¬ 
ences  on  the  experimental  potential-pH  diagram  for  nickel: 

a.  enlarges  the  "general  corrosion"  region  to  a  higher  pH  and  more 
active  potentials, 

b.  inhibits  passive  film  formation  at  noble  potentials  in  acid  so¬ 
lutions  , 

c.  shifts  "rupture"  potentials  to  me  ,i  tive  values, 

5.  The  effect,  on  experimental  potential-pll  diagrams  developed  in  nil 
chloride  solutions,  of  increasing  the  nickel  content  in  binary  copper-nickel 
alloys  is  to  shift  the  "immunity  line"  to  more  active  potentials  and  to  de¬ 
crease  the  pH  range  of  "general  corrosion". 

6.  The  transition  range  from  "copper- li kc"  to  "nickel- like"  behavior  in 
nil  chloride  solutions  occurs  in  the  composition  range  of  the  80-20  and  70-30 
cupronickels.  In  acid  solutions,  these  alloys  behave  as  copper,  whereas,  in 
neutral  and  alkaline  solutions,  they  behave  as  nickel. 
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7.  The  experimental  potential-pH  diagram  for  55-45  copper-nickel  alloy 
exposed  to  nil  chloride  solutions  has  more  characteristics  of  the  experimental 
nickel  diagram  than  of  the  experimental  copper  diagram. 

8.  The  current  density  contour  diagrams  for  alloys  exposed  to  nil  chlor¬ 
ide  solutions  show,  with  increasing  nickel  content,  an  increase  in  the  corro¬ 
sion  rate  within  the  "general  corrosion"  region  and  a  decrease  in  corrosion 
rate  within  the  region  of  passivation. 

9.  In  0.1  molar  chloride  solutions: 


a.  The  transition  from  "copper- like"  to  "nickel- like"  behavior  oc¬ 
curs  in  the  composition  range  of  the  55-45  and  45-55  copper- 
nickel  alloys. 

b.  In  the  compositional  range  from  copper  to  the  55-45  copper-nickel 
alloy,  the  general  shape  of  the  experimental  potential-pH  diagram 
remains  virtually  unchanged.  However,  there  is  a  restriction  of 
"general  corrosion"  to  a  slightly  smaller  pH  range. 

c.  As  nickel  content  increases  from  551  to  1001  there  is  further  re¬ 
striction  of  the  pH  range  of  "general  corrosion".  However,  the 
"immunity  line"  shifts  to  more  active  potentials  in  this  same 
range. 

d.  As  the  nickel  content  increases,  the  current  density  contour  dia¬ 
grams  for  the  alloys  show  no  appreciable  changes  in  corrosion 
rates  from  that  of  pure  copper. 

10.  Chloride  ions  in  aqueous  solution  shifts  the  "immunity  line"  and 
"rupture"  potentials  for  all  alloys  examined  to  more  active  potentials  and  in¬ 
crease  the  pH  range  of  "general  corrosion".  This  effect  is  similar  to  that 
observed  for  pure  copper  and  pure  nickel. 


11.  Iron  additions  to  cupronickel  alloys  exert  a  slight  influence  on  the 
electrochemical  behavior  of  the  alloys.  This  effect  is  manifested  in  the  fol¬ 
lowing  ways : 


a.  The  "immunity"  potentials  and  the  "rupture"  potentials  shift  to 
slightly  more  noble  values  with  optimum  iron  concentration  in  the 
alloys. 

b.  The  "rate"  of  formation  and  the  relative  "protectiveness"  of  the 
passive  films  is  optimized  with  optimum  iron  concentrations  in 
the  alloys. 


12.  Based  on  electrochemical  techniques, 
to  be  1.4  w/o  for  90-10  cupronickel;  1.21  w/o 
w/o  for  70-30  cupronickel. 


the  optimum  iron  contents  appear 
for  80-20  cupronickel;  and  0.9 
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Diaeuaaion 

Noting  that  tha  position  of  any  particular  line  on  a  Pourbaix  diagram 
depends  upon  the  stoichiometry  of  a  particular  species,  the  question  was 
asked  whether  the  author  intended  to  pursue  this  question;  in  reply  the 
author  said  that  a  great  deal  more  work  needs  to  be  done  both  on  more  alloys 
and  on  better  analyses  of  corrosion  products.  A  question  was  asked  concerning 
interpretation  of  results  of  studies  such  as  the  author's  in  terms  of 
practical  experience.  For  example,  if  the  iron  content  of  cupro  nickel  is 
increased,  the  resistance  to  impingement  attack  is  increased,  but  the 
resistance  to  pitting  worsens .  The  author  replied  that  the  studies  reported 
represent  early  developments  in  this  line  of  attack,  that  enlistment  of 
other  workers  to  help  build  up  the  body  of  scientific  knowledge  was  important, 
that  liason  with  practical  experience  was  also  important,  and  that  these 
important  aspects  were  slowly  being  addressed.  In  reply  to  a  question 
concerning  the  effects  of  metallurgical  structure,  the  author  said  that 
some  effect  should  be  detected  depending  upon  whether  iron  was  in  or  out 
of  solution,  but  that  other  variables  (e.g.,  grain  size)  would  not  affect 
the  result.  The  author  noted,  in  response  to  another  question,  that 
predictions  had  been  checked  with  respect  to  crevice  attack,  and  that  with 
copper-zinc  alloys  the  theoretical  data  superimposed  on  practical  results 
gave  good  agreement;  agreement  was  not  so  good  with  nickel  alloys. 
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Table  1 


Alloy  Compositions 

Cu  •  99.999CU 

97-10  0  Fe  -  87.1  Cu,  11.8  Ni,  <0.05  Fe,  0.35  Mn 
0.5  Fe  -  87.5  Cu,  11.7  Ni.  0.53  Fe,  0.27  Mn 
90*10  1.0  Fe  -  86.87  Cu.  11.6  Ni,  1.05  Fe,  0.48  Mn 

90*10  1.4  Fe  -  87.34  Cu,  11.3  Ni,  1.36  Fe 

90*10  2.0  Fe  -  86.23  Cu,  11.3  Ni,  1.99  Fe,  0.48  Mn 

B0"-TD  0  Fe  -  77.13  Cu,  22.2  Ni ,  <0.05  Fe,  0.67  Mn 
80-20  0.7  Fe  -  76.23  Cu,  22.5  Ni,  0.67  Fe,  0.62  Mn 

80-20  1.2  Fe  -  76.02  Cu,  22.3  Ni,  1.20  Fe,  0.48  Mn 

80-20  2.3  Cu.  21.1  Ni ,  2.26  Fe,  0.61  Mn 
70-10  0  Fe  -  68.63  Cu,  30.7  No,  <0.05  Fe,  0.62  Mn 
70-30  0.3  Fe  -  68.45  Cu,  30.7  Ni,  0.32  Fe,  0.53  Mn 

70-30  0.9  Fe  -  62.51  Cu,  30.2  Ni,  0.90  Fe ,  0.39  Mn 

55-45  -  54.2  Cu,  45.8  Ni 
45-55  -  45.9  Cu,  54.1  Ni 
25-75  -  25.2  Cu,  74.8  Ni 

Ni  "-'  99.98  Ni,  0.01  C,  0.001  Mn,  0.001  Fe,  0.001  Cu, 
0.001  Cr,  0.001  S,  0.001  Si,  0.001  Mg 


Table  2 


Current  Density  as  a  Function  of  Exposure  Time  of  90-10  Alloys  in  0.1  Molar 

Chloride  Solutions  at  Primary  Passive  Potentials  (E  -  -0.180V  ) 

s  c© 


Time 

(minutes) 

0  Fe 

0.5  Fe 

Current  Density 
(uA/cm2) 

1.0  Fe  1.4  Fe 

2.0  Fe 

0 

♦160.0 

♦145.0 

♦155.0 

♦135*0 

♦125.0 

1 

4.0 

4.0 

4.0 

2.0 

5 

3.0 

2.0 

3.0 

rrf 

2.0 

10 

3.0 

2.0 

2.5 

1.9 

2.0 

30 

3.0 

2.0 

2.5 

1.9 

2.0 

60 

3.0 

2.0 

2.5 

1.9 

2.0 
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Table  3 


Current  Density  as  a  Function  of  Exposure  Tiae  of  90-10  Alloys  in  0.1  Molar 
Chloride  Solutions  at  Secondary  Passive  Potentials  (E  ■  +0.025V  ) 


Tine 

(ainutes) 


0  Fe 

0.5  Fe 

0 

+200,0 

♦200.0 

1 

6.5 

12.0 

5 

4.0 

9.0 

10 

30 

43 

8.0 

7.0 

60 

Yr> 

7.0 

90 

2.7 

7.0 

120 

2.7 

7.0 

180 

2.7 

7.0 

Current  Density 
(pA/ca2) 

1.0  Fe _ 1^4  Fe  2 . 0  Fe 


♦200.0 

♦200-0 

♦200.0 

8.5 

43 

15.0 

6.0 

177 

12.0 

4.5 

1.5 

11.0 

2.5 

1.0 

8.0 

1.5 

0.8 

6.0 

0.8 

0.8 

5.0 

0.8 

0.8 

2.0 

0.8 

0.8 

2.0 

Table  4 

Current  Density  as  a  Function  of  Exposure  Time  of  80-20  Alloys  in  0.1  MolaT 
Chloride  Solutions  at  Priaary  Passive  Potentials  (E  -  -0.180Vsce) 

Tiae  Current  Density 

(ainutes)  (pA/ca2) 


0  Fe 

0.7  Fe 

1.2  Fe 

2.3  Fe 

0 

+130.0 

♦13S.0 

♦135.0 

♦130.0 

1 

3.0 

3.0 

2.5 

2.5 

5 

2.6 

1.7 

1.4 

2.0 

10 

2.7 

1.8 

1.4 

1.7 

30 

2.7 

1.8 

1.3 

1.5 

60 

2.9 

1.8 

l.S 

90 

2.9 

1.8 

o 

1.5 

Table  S 


Current  Density  as  a  Function  of  Exposure  Tiae  of  70-30  Alloys  in  0.1  Molar 
Chloride  Solutions  at  Priaary  Passive  Potentials  (E  ■  -0.180Vsce) 


Tiae 

(ainutes) 


0  Fe 


Current  Density 
(pA/ca2) 

0.3  Fe 


0.9  Fe 


0 

♦160.0 

♦145.0 

♦  113J) 

1 

4.0 

5.5 

Q 

5 

3.0 

3.2 

170 

10 

2.5 

2.5 

0.8 

30 

2.0 

2.0 

0.7 

45 

60 

n 

1.6 

1.2 

0.7 

0.7 

90 

rr? 

1.2 

0.7 
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Alloy  Characterization 
Standardization  of  Experimental  Procedure 


Thermodynamic  Data 
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Figure  1:  Activity  flow  chart  for  the  present  electrochemical  investigation. 
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Figure  4:  A  comparison  between  the  equilibrium  Pourbaix  Diagram  for  the  system  Cu-Cl-H-0  (24)  [(a)  con¬ 
sidering  Cu,0  and  CuO,  (b)  considering  hydrated  Cu,0  and  CuO]  and  the  experimental  potential- 
pH  diagram  for  Cu  in  0.1  molar  chloride  solutions.  The  equilibrium  diagrams  were  constructed 
for  ionic  species  activity  ■  10'®. 
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Figure  6:  A  comparison  of  experimental  potential-pH  diagrams  for  pure  nickel  developed  in  electrolytes 
containing  nil  chloride  (left),  0.1  molar  chloride  (center),  and  1.0  molar  chloride  (right). 


Figure  7:  A  comparison  of  experimental  potential-pH  diagrams  for  binary  Cu-Ni  alloys  exposed  to  nil 
chloride  solutions. 


Figure  8:  A  comparison  of  current  density  contour  diagrams  for  binary  Cu-Ni  alloys  exposed  to  nil 


Figure  10:  A  comparison  of  current  density  contour  diagrams  for  binary  Cu-Ni  alloys  exposed  to  0.1  molar 
chloride  solutions. 


I  •  V 


Wt  X  km 

Figure  11:  Effect  of  iron  content  on  the  immunity  potential  of  90-10  (top), 

80-20  (center) and  70-30  (bottom)  cupronickels  exposed  to  0.1  molar 
chloride  solutions. 
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Figure  12:  Effect  of  iron  content  on  the  rupture  potential  of  90-10  (left),  80-20  (center)  and  70-30 
(right)  cupronickels  exposed  to  0.1  *olar  chloride  solutions. 


The  Influence  of  Chromium  on  the  Corrosion 
Behavior  of  Copper-Nickel  Alloys  in  Sea  Water 
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Extensive  studies  have  shown  the  effectiveness  of  chro- 
ium  (0.5-3%)  in  copper-nickel  alloys  for  both  strengthening 
and  increasing  sea  water  velocity  limitations  for  turbulent 
flow  conditions  without  adversely  affecting  other  properties 
of  this  alloy  system  which  are  particularly  attractive  for 
marine  service.  Low  velocity  (0.3  to  0.6  m/s)  sea  water  tests 
indicate  a  slight  increase  in  susceptibility  to  localized  at¬ 
tack  for  chromium  modified  alloys.  Under  high  velocity  con¬ 
ditions  (to  40  nv/s)  chromium  additions  provide  improved  cor¬ 
rosion  resistance  and  extend  the  upper  velocity  limits  for 
the  copper-nickel  alloys  in  sea  water. 

Key  Words i  Sea  Water  Corrosion;  Copper-Nickel  Alloys; 

Chromium  Additions;  Velocity  Effects;  Impingement. 


1.  Introduction 

New  alloy  developments  often  respond  to  what  are  believed  to  be  clearly 
defined  needs  for  better  materials  for  specific  problem  areas.  The  true  mer¬ 
its  of  a  new  material  can  best  be  Judged  by  its  acceptance  for  the  intended 
application  and,  as  is  often  the  case,  acceptance  for  a  wide  diversity  of 
other  applications  requiring  a  similar  combination  of  unique  properties. 

The  widespread  introduction  of  steam  turbines  to  provide  power  for  ship 
propulsion  in  the  early  1900's  provided  the  clearly  defined  need  for  condens¬ 
er  tube  alloys  with  good  corrosion  resistance.  "Condenseritis"  became  a  rec¬ 
ognized  'disease'  Which  often  played  a  major  role  in  naval  operations  and  in¬ 
spired  a  series  of  alloy  developments  which  are  continuing  today.  (1-5) 1 

A  number  of  new  condenser  tube  alloys  were  developed  between  1920  and 
1950,  initially  in  the  United  Kingdom  and  shortly  thereafter  in  the  United 
States.  The  most  widely  used  alloys  included  Admiralty  brass  (70Cu-20Zn-lSn) , 
aluminum  brass  (78Cu-20Zn-2Al) ,  copper  nickel-30%,  Fe  modified  copper  nickel- 
30%,  Fe  +  ffa  modified  copper  nickel-30%  and  finally  Fe  modified  copper  nickel- 
10%.  Admiralty  brass  and  copper  nickel-30%  without  appropriate  iron  additions 
quickly  lost  favor  for  marine  applications  and  today  aluminum  brass  and  the 
iron  modified  copper  nickel  alloys  dominate  the  marine  heat  exchanger  tube 
market  and  are  widely  accepted  for  sea  water  piping  and  a  variety  of  other  ap¬ 
plications. 

The  mechanical  properties  of  non  age-hardening  copper  nickel  alloys  are 
attractive  for  fabrication  of  tubular  products  with  ease  of  welding  permit¬ 
ting  both  seamless  and  seam-welded  manufacturing  without  difficulty.  As  with 
most  copper-base  alloys,  the  copper  nickels  provide  inherent  anti-fouling  pro¬ 
perties  which  can  minimize  blockage  and  other  problems  acsociated  with  fouling 
growths.  However,  the  primary  advantage  unique  to  the  copper  nickel  alloys  is 
their  demonstrated  corrosion  resistance  for  a  wide  variety  of  flow  conditions 


i  Figures  in  parentheses  indicate  the  literature  references  at 

paper. 
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-  ranging  from  stagnant  sea  water,  where  a  variety  of  localized  corrosion  pro¬ 
cesses  can  limit  the  usefulness  of  many  materials,  to  turbulent  flow  conditions 
where  resistance  to  impingement  corrosion  and  erosion' corrosion  become  critical 
factors.  Surveys  of  operating  experience  with  tubing  where  sea  water  is  used 
as  a  coolant  in  heat  exchanger  service  -  or  more  recently  with  tubing  and  other 
critical  components  in  desalination  service  -  invariably  identify  the  copper 
nickels  as  premier  alloys.  (6-8) 

Aqe-Hardenable  Alloy  Systems 

The  tensile  properties  of  the  copper  nickel  alloys  described  have  gener¬ 
ally  restricted  their  use  to  comparatively  low  pressure  systems.  There  are  a 
number  of  ocean  engineering  applications  (e.g.  sea  water  piping  in  submarines 
and  high  speed  pumps)  where  higher  strength  alloys  possessing  the  unique  fab¬ 
rication  and  corrosion  resisting  properties  of  the  copper  nickels  would  be 
ideally  suited.  Several  age-hardened  30%  Ni  alloys  have  been  introduced, (9) 
but  fabrication  problems  and  difficulties  in  maintaining  optimum  strength  and 
corrosion  resistance  in  as-welded  structures  have  limited  their  overall  use¬ 
fulness. 

Development  of  Chromium  Modified  Copper  Nickel  Alloys 

Recent  research  efforts  have  resulted  in  the  introduction  of  three  chro¬ 
mium  modified  copper  nickel  alloys  -  two  wrought  and  one  cast  -  a  combination 
of  alloys  that  provides  a  significant  expansion  of  the  areas  of  usefulness  for 
the  copper  nickels  in  sea  water  systems. 

Initial  studies  centered  on  the  ability  of  chromium  to  exert  substantial 
hardening  in  a  30%  Ni  alloy.  (10)  Hardening  occurs  through  a  spinodal  decompo¬ 
sition  mechanism  as  the  alloy  is  cooled  from  the  annealing  temperature  or  from 
the  melt,  thus  spontaneous  hardening  is  not  significantly  affected  by  welding, 
a  distinct  advantage  over  age-hardened  alloys.  This  alloy  in  wrought  form  is 
nominally  30%  Ni  -  3%  Cr.  Composition  and  properties  are  detailed  in  Tables 
1  and  2  respectively. 

In  support  of  the  introduction  of  this  Cu-Ni-Cr  alloy  for  sea  water  piping, 
a  companion  cast  alloy  was  developed  for  pipe  fittings,  valve  bodies,  etc.,  to 
provide  matching  corrosion  resistance  and  assurance  of  galvanic  corrosion  com¬ 
patibility.  (11)  This  alloy  has  been  designated  IN-768. 

Initial  sea  water  corrosion  studies  with  these  alloys  indicated  exceptional 
impingement  corrosion  and  erosion  resistance  for  flowing  sea  water  systems.  Re¬ 
alization  that  this  property,  without  the  companion  hardening  effect  could  pro¬ 
vide  the  basis  for  an  attractive  condenser  tube  alloy  for  critical  applications 
involving  excessive  turbulence,  a  third  alloy  was  subsequently  developed.  This 
alloy,  nominally  15%  Ni  -  0.5%  Cr  has  been  designated  IN-838.  (12)  With  its  lower 
strength,  this  alloy  matches  the  fabricability  of  CA-706  and  CA-715 . 

2.  Sea  Water  Corrosion  Evaluations 

Chromium  modified  copper  nickel  alloys,  along  with  the  standard  30%  Ni 
(CA-715)  and  10%  Ni  (CA-706)  alloys,  have  been  subjected  to  a  variety  of  nat¬ 
ural  sea  water  corrosion  tests  at  the  Francis  L.  LaQue  Corrosion  Laboratory  to 
fully  characterize  their  corrosion  behavior  over  a  range  of  exposure  conditions. 
A  characterization  of  the  sea  water  at  the  laboratory  is  given  in  Table  3.  In 
the  course  of  these  corrosion  studies,  careful  attention  has  been  given  to  the 
delineation  of  the  specific  effects  of  chromium  additions  over  a  wide  range  of 
compositions  within  the  copper  nickel  alloy  system. 

Low  Velocity  Sea  Water  Corrosion 

Although  the  primary  applications  for  copper-nickel  alloys  generally  in¬ 
volve  flowing  sea  water  systems,  flow  interruptions  must  be  considered  and 
corrosion  behavior  for  stagnant  or  low  velocity  flow  conditions  characterized. 
Corrosion  data  developed  during  a  number  of  panel  exposures  in  a  sea  water 
channel  (tidal  flow  of  <0.3  m/s)  and  a  wooden  flume  where  a  constant  flow  of 
0.6  (tv's  is  maintained  are  summarized  in  Figures  1  and  2.  The  band  for  each 
alloy  encompasses  the  range  of  data  developed  and  reflects  differences  in  spec¬ 
imen  size,  shape  and  surface  conditions,  sea  water  temperature  (short-term  ex- 
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posures),  and  to  a  leaser  extent,  minor  compositional  variations.  Character¬ 
istically,  corrosion  rates  for  the  copper  nickel  alloys  decrease  with  time  for 
undisturbed  exposures  of  this  type,  requiring  many  years  to  stabilize.  These 
data  indicate  an  average  corrosion  rate  of  approximately  1  micron/year  (<0.05 
MPY)  is  achieved  for  CA-706  and  CA-715  after  the  fifth  year  of  exposure  for 
both  flow  conditions  studied.  This  is  a  much  lower  value  than  is  generally 
cited  for  these  alloys  when  corrosion  rates  are  calculated  from  weight  losses 
over  comparatively  short  exposure  periods  which  do  not  reflect  the  changing 
slope  of  the  weight  loss  versus  time  curves. 

Time  has  not  permitted  development  of  long-term  data  for  the  chromium 
modified  alloys.  Initial  corrosion  rates  (six-month  exposures)  are  generally 
slightly  higher  for  alloys  containing  1-3%  Cr  while  the  0.5%  addition  has  little 
effect.  The  modified  alloys,  however,  demonstrate  the  same  trend  toward  de¬ 
creasing  corrosion  rates  with  time,  and  for  long-term  exposures  it  is  doubtful 
whether  any  significant  differences  will  be  observed. 

The  short-term  exposures  also  indicate  a  slight  reduction  in  resistance 
to  localized  corrosion  penetration  with  the  1-3%  Cr  alloys  developing  a  char¬ 
acteristic  shallow  cratering  type  of  attack  and  the  0.5%  Cr  alloy  showing  in¬ 
creased  sensitivity  to  corrosion  in  tight  crevices.  The  extent  of  this  attack 
is  relatively  minor  and  -  as  with  most  copper-base  alloys  -  the  rate  of  local¬ 
ized  penetration  decreases  sharply  with  time  following  the  same  general  pattern 
as  the  average  corrosion  rates. 

Effects  of  High  velocity  Sea  Water 

With  the  interest  in  applications  involving  pipe,  tubing  and  associated 
components  for  sea  water  systems,  velocity  effects  have  received  the  primary 
emphasis  in  the  corrosion  studies.  Although  final  evaluation  must  involve 
practical  flow  systems  with  fabricated  components  -  trials  which  are  now  in 
progress  -  various  laboratory  tests  have  been  used  for  detailed  assessments 
of  the  effects  of  Cr  additions  as  a  basis  for  determing  optimum  alloy  com¬ 
positions  for  subsequent  development.  In  all  cases  direct  comparisons  have 
been  made  with  CA-706  and  CA-715  as  standards  of  performance. 

A  jet  apparatus  adapted  from  a  test  device  developed  by  the  British  Non- 

!  Ferrous  Metals  Research  Association (13)  was  used  to  study  impingement  corro¬ 

sion  resistance  as  a  function  of  velocity  and  alloy  composition.  This  device 
permits  exposure  of  coupon  specimens  in  quiescent  sea  water  While  at  the  same 
time  each  specimen  is  subjected  to  a  1  to  2  mm  diameter  Jet  of  aerated  sea  wa¬ 
ter  impinging  directly  against  a  small  area  of  the  specimen  surface.  This  cre¬ 
ates  a  localized  area  of  controlled  turbulence,  a  primary  factor  in  the  impinge¬ 
ment  corrosion  mechanism. 

Series  of  15%  and  30%  Ni  alloys  with  varying  Cr  additions  have  been  com¬ 
pared  with  jet  impingement  velocities  of  7  and  15  m/a.  These  velocities  were 
chosen  to  assure  a  high  degree  of  turbulence  of  sufficient  severity  to  clearly 
define  composition  ranges  for  optimum  impingement  corrosion  resistance  in  flow¬ 
ing  sea  water  systems.  The  results  of  these  tests  are  shown  in  Figures  3  and 
4.  These  data  provide  a  clear  indication  of  the  effectiveness  of  Cr  additions 
over  the  range  of  0.5-3%  in  providing  a  marked  increase  in  impingement  corro¬ 
sion  resistance. 

Typical  Jet  impingement  data  for  one-  to  two-month  tests  with  Jet  veloc¬ 
ities  ranging  from  1  to  15  m/a  are  summarized  in  Table  4.  The  usefulness  of 
this  test  method  in  detecting  velocity  limitations  for  useful  corrosion  re¬ 
sistance  is  evident,  a  limit  of  5  m/s  for  CA-706  and  CA-715,  7  m/s  for  IN-838 
and  greater  than  15  m/s  for  Cu-Ni-3%  Cr  and  IN-768  being  indicated.  In  com¬ 
parison,  limited  impingement  corrosion  resistance  is  indicated  for  CA-443 
(Admiralty  brass)  for  velocities  as  low  as  1  m/a  While  CA-687  (aluminum  brass) 
consistently  fails  to  match  the  performance  of  any  of  the  copper-nickel  alloys. 

Companion  studies  have  been  conducted  with  a  velocity  flow  system  in  which 
coupon  specimens  are  positioned  parallel  to  the  flow  direction  (Figure  5). 
Specimens  are  placed  in  individual  nozzles  with  appropriate  orifice  plates  to 
permit  a  range  of  velocities  in  simultaneous  tests.  Table  5  summarizes  data 
obtained  in  this  manner  for  several  of  the  alloys  of  interest.  Velocities  in 
this  type  of  test  are  limited  only  by  the  available  sea  water  pressure.  Data 
in  Figure  6  were  developed  with  this  test  to  show  the  effects  of  Cr  additions 
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in  30%  Ni  alloys  for  sea  water  velocities  of  IS  and  40  m/a,  velocities  fre¬ 
quently  encountered  in  sea  water  pumps.  The  effectiveness  of  the  2-3%  Cr 
levels  in  the  Cu-Ni-3%  Cr  alloy  and  IN- 7 68  is  clearly  defined. 

Galvanic  Relationships 

Introduction  of  new  alloys  into  sea  water  systems  requires  careful  con¬ 
sideration  of  galvanic  relationships  which  can  accelerate  corrosion  of  criti¬ 
cal  components,  regardless  of  their  apparent  merits  based  on  isolated  expo¬ 
sures.  Compilation  of  extensive  corrosion-potential  data  developed  in  flow¬ 
ing  sea  water  has  been  used  as  a  basis  for  a  galvanic  series  which  serves  as 
a  useful  guide  for  predicting  galvanic  relationships. (14)  Comparative  data 
for  the  chromium  modified  copper  nickel  alloys  are  shown  in  relation  to  several 
common  marine  alloys  in  Figure  7.  Increasing  Ni  and  Cr  levels  generally  result 
in  more  noble  potentials  with  the  Cu-Ni-3%  Cr  alloy  and  IN-768  being  slightly 
cathodic  to  virtually  all  other  copper-base  alloys.  The  indicated  relationship 
between  CA-706  and  IN-838  suggests  that  CA-706  would  be  an  ideal  tube  sheet  ma¬ 
terial  Where  IN-838  tubes  are  used.  The  Cu-Ni-3%  Cr  alloy  and  IN-768  have  ex¬ 
hibited  similar  corrosion  potentials,  a  useful  relationship  where  these  alloys 
are  used  for  various  components  in  sea  water  piping  systems. 

Weld  Studies 

Engineering  usefulness  of  any  material  requires  weldability,  and  for  ma¬ 
terials  designed  for  use  in  corrosive  environments  with  no  external  protec¬ 
tion  (e.g.  coatings,  cathodic  protection),  the  definition  of  weldability  must 
include  freedom  from  corrosion  problems  associated  with  welded  joints.  Pref¬ 
erably,  no  post-mid  heat  treatment  should  be  required  to  insure  optimum  joint 
efficiency  and  corrosion  resistance  so  that  field  repairs  can  be  accommodated. 

Of  all  the  copper-base  alloys,  the  copper  nickels  perhaps  have  the  highest 
degree  of  midability.  Because  they  are  solid  solution  alloys,  there  are  no 
metallurgical  transformations  during  the  welding  process  to  alter  material  pro¬ 
perties  in  heat  affected  areas  to  induce  potential  weld  corrosion  problems. 

Wrought  and  cast  alloys  can  be  welded  by  all  of  the  conventional  methods. 
Standard  copper  nickel-30%  filler  metal  is  ideal  for  the  lower  strength  alloys, 
providing  sound  welds  with  desirable  galvanic  relationships.  A  proprietary  Cr- 
containing  electrode  is  available  for  the  hardened  alloys  and  generally  permits 
full  Joint  efficiency. 

Extensive  weld  corrosion  studies  have  been  undertaken  for  a  variety  of  sea 
water  exposure  conditions.  Typical  specimens  from  several  of  these  studies  are 
illustrated  in  Figures  8  &  9.  All  r‘  these  tests  have  been  conducted  with  as- 
welded  specimens  without  benefit  of  post-weld  heat  treatments  and  in  no  in¬ 
stance  has  there  been  any  evidence  of  localized  corrosion  associated  with  the 
welds  or  heat  affected  zones. 

3.  Summary 

The  versatility  of  copper-nickel  alloys  for  marine  service  is  expanded 
through  controlled  additions  of  chromium.  These  chromium  additions  to  the 
copper-nickel  alloy  system  significantly  influence  both  mechanical  and  corro¬ 
sion  properties  of  the  system.  Mechanical  properties  are  affected  primarily 
by  the  occurrence  of  a  spinodal  region  in  the  ternary  alloy.  Significant  hard¬ 
ening  has  thus  been  achieved  in  cast  and  wrought  30%  Ni  alloys.  The  effect  on 
corrosion  properties,  however,  does  not  depend  on  the  spinodal  decomposition. 

The  effect  of  chromium  on  the  sea  water  corrosion  properties  of  copper- 
nickel  alloys  is  most  dramatic  under  velocity  conditions.  These  additions 
greatly  extend  the  upper  velocity  limits  of  the  alloys  in  sea  water. 

As  a  result  of  these  studies,  three  alloys  have  been  selected  for  devel¬ 
opment.  They  provide  a  combination  of  properties  which  extend  the  range  of 
usefulness  of  the  copper-nickel  alloy  system  in  marine  applications. 
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Discussion 

The  authors  stated  in  reply  to  query  that  the  solid  solubility  of 
chromium  in  the  30%  Ni-Cu  alloy  is  1.4%. 
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CA-706 

10 

- 

1.4 

0.4 

bal. 

CA-715 

30 

_ 

0.6 

0.8 

II 

IN-838 

16 

0.4 

0.8 

0.5 

II 

Cu-Ni-3Cr 

30 

2.8 

0.3 

0.7 

II 

IN-768 

30 

1.6 

0.7 

0.6 

II 

Table  2 

Nominal  Mechanical  Properties  of  Copper-NicXel  Alloys 


Yield  Strength 
(0.2%  offset) 

KSI  MN/m* 


Alloy 

Temper 

KSI 

MH/m 

CA-706 

Annealed 

15 

103 

Hard 

62 

427 

CA-715 

Annealed 

21 

145 

Hard 

73 

503 

IN-838 

Annealed 

18 

124 

Hard 

66 

455 

Cu-Ni-3Cr 

Annealed 

50 

345 

Hard 

107 

738 

IN-768 

Aa-cast 

50 

345 

*elongation  in 

1"  (25 

.  4irm) 

Tensile 

Strength 

%  Elongation 

KSI 

MN/m5 

in  2"  (51mm) 

44 

303 

40 

69 

476 

5 

57 

393 

43 

80 

552 

5 

46 

317 

40 

70 

483 

6 

80 

552 

30 

113 

779 

8 

75 

517 

20* 
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Table  3 


Sea  Water  Chemistry  at  The  Francis  L.  LaQue 
_ Corrosion  Laboratory _ 


Malor  Variables 


max. 

min. 

avq. 

PH 

8.1 

7.8 

8.0 

T,»C 

29 

o 

18 

Cl,g/L 

19.8 

18.1 

19.0 

Oa,mg/L 

9.3 

5.0 

6.4 

Average  Analysis,  mq/L 


cations 

anions 

Na  10,006 

SO 

2510 

Ca  398 

HC03 

133 

Hg  1204 

NO  3 

1.2 

K  369 

P°4 

.01 

Cu  .015 

F  * 

1.5 

Fe  .001 

Br 

61 

Zn  .012 

I 

.16 

Hardness, CaCO.  5970 

Dissolved  Solids  38,255 


Table  4 


Summary  of  Jet  Impingement  Test  Data 
1-2  month  tests,  10-26°C  sea  water 


-AUoy 


_ _ Impingement  attack  -  mm/mo 

17TF7S  4.6  m/s  67s- n\7s  9.8  nv's  15. 3  m/’s 
(4  FPS;  (15  FPS)  (22  FPS)  (32  FPS)  (50  FPS) 


CA-443 

CA-687 

CA-706 

CA-715 

IN-838 

Cu-Ni-3Cr 

IN-768 


.18-. 26 
.06-. 15 
.08-. 10 
.01-. 03 


.15-. 48 
.03-. 25 
.01-. 18 
.01-. 09 


.0  3-.  13 
.03-. 57 
.01-. 03 
.01 
.01 


.13 

. 14-.17 
.09- .12 


.43-1.5 
.68-1.2 
.  11-.69 
.01 

.01-. 13 


Table  5 


Allov 

Summary  of  Parallel  Flow  Sea 
_ Corrosion  Teata _ 

Water 

mm 

Avg.  Sea 
Water  Temp. 

30  day  exposures 

Localized  Attack  - 

3  m/s 
110  FPS) 

6  m/s 
(20  FPS) 

ll  m/s 
(35  FPS) 

15  m/s 
(50  FPS) 

CA-706 

10*  C 

.10 

.10 

.08 

.08 

CA-715 

10»C 

.03 

.03 

.08 

.13 

IN-838 

20"  C 

<.03 

.03 

.10 

.13 

Cu-Ni-3Cr 

10*  C 

<.03 

<.03 

<.03 

<.03 

Iim#  ye*>« 

Figure  2.  Corrosion  of  copper-nickel  alloys  in  flowing 
sea  water  (0.6  H/Sec) . 
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Figure  3.  Effect  of  Cr  additions  on  sea  water 
impingement  corrosion  resistance  of  copper  nick¬ 
el  alloys  containing  15-18%  Mi.  Two-month  tests 
with  Jet  velocity  of  6.8  m/m  (22  FPS) . 


Figure  4.  Effect  of  Cr  additions  on  sea  water 
impingement  corrosion  of  copper  nickel  -  30% 
(one  and  two  month  tests) . 
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Figure  6.  Effect  of  Cr  addition*  on  corrosion 
of  copper  nickel  -  30%  in  high  velocity  sea 
water  (one  month,  parallel  flow  tests) . 
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Figure  8.  Welded  joint  after  six-month  sea 
water  exposure.  Joint  combines  1/2”  plate 
wrought  Cu-Ni-3%  Cr  alloy  (left)  with  IK- 7 68. 
Manual  gas  tungsten  and  weld  with  proprietary 
Cr  containing  copper  nickel-30X  electrode. 


Figure  9.  Welded  joint  combining  IN-838  (left) 
and  CA-706,  four  month  sea  water  exposure.  Gas 
tungsten  are  weld  with  70-30  Cu-Ni  filler  metal 
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The  ayetem  Cu-Ni-Mn-Fe-Al  has  been  investigated  to  obtain 
an  understanding  of  the  influence  of  composition  upon  structure 
and  properties  and  to  assess  the  suitability  of  the  cast 
alloy  for  marine  application  This  paper  gives  an  outline 
of  the  alloy  development  and  structural  studies  and  an 
assessment  of  the  marine  corrosion  resistance  of  the  cast 
quinary  alloy* 

Structural  studies  on  the  ternary  Cu-JJi— A1  and 
quarts mary  Cu-Ni-Pb— A1  systems  built  up  an  understanding 
of  the  quinary  alloy.  The  essential  features  of  the  alloy 
include  a  cored  Cu-Ni  matrix  containing  st&bleTFa  +  Ni  cuboids 
concentrated  in  the  Hi  rich  dendrites}  this  phase  derives 
from  the  basic  Cu-Ni— Pb  spinodal  reaction  and  contributes 
to  the  matrix  hardening*  A  seoond  precipitate  is  the  Ni-Al 
phase  which  can  exist  in  several  geometric  forms  and  is 
considered  to  be  the  principle  hardening  precipitate  in  the 
System*  It  occurs  in  both  grain  boundary  and  interdendritic 
regions.  Although  susceptible  to  heat-treatment  optimum 
properties  are  obtained  in  the  'as  cast'  condition. 

Sea  immersion  tests  showed  the  self-corrosion  rate  to  be 
low  and  crevioe  corrosion  resistance  to  be  good.  Galvanic 
coupling  to  90/l0  and  70/}0  Cu-Ni  showed  galvanic  compatibility. 
Jet  impingement  resistance  is  comparable  to  conventional  cupro¬ 
nickels*  The  alloy  has  high  resistance  to  stress-corrosion. 

The  overall  characteristics  of  the  alloy  are  good  over  a 
wide  range  of  composition  and  it  is  considered  to  be  very 
suitable  for  marine  applications. 

Kay  Words!  Copper  casting  alloy,  Cu-Ni -fin -Pb-Al 1 
micro  structure,  1  Pe  +  Ni,  Ni-Al,  mechanical  properties, 
marine  corrosion  resistance. 


1*  Introduction 

The  Royal  Navy  have  a  requirement  for  a  medium-high  strength  copper-base  casting 
alloy  for  sea-water  applications  A  Cu-Ni -Kn-Pe-Al  alloy  was  among  those  alloyB  considered 
capable  of  meeting  the  mechanical  requirem.-uts.  Preliminary  corrosion  assessment  of 
experimental  oasts  showed  good  resistance  to  jet-impingement  attack  while  'ad  hoo* 
structural  investigations  by  Dewey(l)1  and  Dennis  (2)  revealed  complex  microstructural 
features.  A  Mailed  investigation  was  therefore  carried  out  at  Central  Dockyard 
Laboratory,  Portsmouth  and  Engineering  Materials  Laboratory,  University  of  Southempton 
to  rslats  ths  sffsots  of  compositional  variables  to  the  structure  end  properties  of  the 
alloy. 


*  Figures  in  parenthesis  refer  to  the  list  of  references  at  the  end  of  this  paper. 
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2*  Experimental  Procedures 


(i)  Structural  Inveatlgations 

Laboratory  and  Foundry  castings  were  used,  the  former  being  mainly  sand  cut  although 
a  small  number  of  melts  w«re  chill  cast*  The  foundry  mcits  were  produced  using  oil  fired 
furnaces  in  HM  Dockyard,  Portsmouth  and  sand  cast  by  Durville  and  semi— Durville  techniques; 
others  were  prepared  in  commercial  foundries* 

Additions  of  aluminium  to  9°/ 10  copper-nickel  were  investigated  first  followed  by 
examination  of  the  Cu^(i-Pe— A1  alloy  and  the  quinary  alloy  containing  manganese,  in 
sequence*  Compositions  are  given  in  Table  1* 

Electron  microscope,  microprobe  analyser  and  atereoacan  techniques  were  used  for 
structural  examination  in  addition  to  conventional  metallography*  Qualitative  micro- 
probe  results  ware  obtained  using  X-ray  photographs,  semiquantitative  results  by  line 
scans  and  quantitative  analysis  by  comparative  methods*  Appropriate  correction  procedure 
was  applied  (3)  (4)* 

(ii)  Corrosion  tests* 

Self  corrosion  rates,  crevice  corrosion  susceptibilities  and  galvanic  compatibilities 
were  determined  on  specimens  3"  i  1"  i  */\6"  immersed  in  Langstons  Harbour*  Specimens 
were  clamped  in  Perspex  jigs  to  simulate  crevice  conditions  and  others  galvanically  coupled 
to  90/l0  and  70/30  oopper-nickel •  Jet  impingement  resistance  was  assessed  using  a  modified 
Brownsdon-Banniater  test  (5)  (6)  best  regarded  as  a  sorting  test  giving  comparative  results 
on  alloys  tested  at  the  sasie  time*  Stress  corrosion  resistance  was  assessed  using  constant 
load  'Unisteel '  machines  modified  to  make  use  of  an  available  'once  through'  sear-water 
supply  at  the  Exposure  Trials  Station,  Eastney,  Portsmouth*  Tensile  type  specimens  used 
for  preliminary  testa  had  a  ty80th  eq  in  cross-section  area.  Specimens  with  V4°th  eq  in 
croaa-eection  area  were  used  for  later  tests,  this  size  being  easier  to  machine*  Some 
welded  specimens  were  tested  using  specimens  machined  from  castings  welded  using  Hidnron 
191  as  a  filter  wire. 


3*  Results 

(i)  Cu-tfi-Al.  An  alloy  with  10$  nickel  and  2*5$  aluminium  (Cast  129-4'able  l)  was 
solution  treated  at  900°C  for  1  hour,  water  quenched  and  precipitation  hardened  at 
temperatures  between  500°C  -  700°C;  maximum  hardening  occurred  after  1  hour  at  650°C* 
Mechanioal  properties  assessment  of  Cast  125  in  the  ‘'as  cast';  solution  treated  and  fully 
heat-treated  conditions  showed  that  optimum  properties  of  37*5  tons/ eq  in  tensile  (576  MN/ 
m2)  and  10*5$  elongation  occurred  in  the  'as  cast'  condition*  Microatruotur#  consisted  of 
cored  niokel-rich  dendrites  and  additionally,  in  the  fully  heat-treated  material,  a  globular 
grain  boundary  preoipitate*  Microprobe  analysis  indicated  this  precipitate  to  be  Hi  Al3. 

(ii)  Cu-QJi-Pe— A1 .  Nominal  additions  of  1%  and  5$  iron  lead  to  a  small  reduction  in 
strength  and  a  notioeable  increase  in  ductility  both  in  'as  cast’  and  heat-treated  condition. 
As  with  the  ternary  alloy,  optimum  properties  occurred  in  the  'as  cast'  condition.  The 
increase  in  ductility  was  related  to  the  iron  content,  the  l£  iron  alloy  (Cost  126)  giving 
14^  elongation  in  the  'as  cast*  state  and  the  5$  iron  alloy  (Cast  127)  showing  24*  5$*  tbs 
respective  reductions  in  area  being  ?0$  and  25$ • 

Mioroprobe  examination  showed  that  iron  was  concentrated  in  the  nickel  rich  dendrites. 
Carbon  replica  examination  revealed  a  cuboid  phase  in  the  dendriteB  (Figure  l)  and 
electron  diffraction  of  «n  extracted  region  indicated  a  cubic  lattice,  a  -  3*6  1, 
corresponding  to  iTp»  +  Ni. 

Further  quaternary  alloys  were  made  and  examination  of  their  properties  showed  that 
a  simple  ageing  treatment  of  4  hours  at  550°C  to  be  better  than  the  full  solution  heat- 
treatment*  This  resulted  in  a  slight  increase  in  strength  and  a  corresponding  reduction 
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in  duotility.  The  presence  of  .ho  cuboid  phase  «u  noted  in  all  casts}  its  distribution 
and  size  Mas  not  changed  by  he at-t re atmen t .  The  lattice  par eae ter  was  determined  and 
confirms  the  suggested  JTFe  +  Ni  phase  reported  by  Dewey  (l)  and  Dennis(2). 

(iii)  Cu-Ni-Hn-Jb-Al.  The  known  ooaaaercial  practice  of  adding  chromium  to  the  alloy  as 
a  grain  refiner  was  repeated  in  the  first  experimental  quinary  alloys  until  its  possible 
adverse  effects  were  observed}  this  has  been  reported  elsewhere  (7)* 

The  first  series  of  quinary  alloys  were  chill  cast  with  variations  in  manganese 
aid  aluminium  content.  The  properties  of  Cast  No  7  (Table  2)  demonstrated  the  considerable 
effect  of  aluminium  content  aid  Casts  11,  12  and  13  were  prepared  to  examine  its  influence 
further.  Exteination  of  the  mechanical  properties  (Table  2)  snow  that  increase  in 
aluminium  has  a  proportional  effect  upon  strength.  The  properties  in  general  reflect  the 
benifioial  effect  of  chill  oasting.  Further  alloys,  Casts  134,  135  and  136,  were  east  in 
sand  moulds  and  show  properties  (Table  3)  more  typical  of  those  expected  from  actual 
foundry  castings. 

Optical  exmaination  of  cast  134  showed  'stringers'  of  a  needle  shaped  phase 
present  in  interdendritio  regions}  some  needles  had  broadened  out  to  become  diamond  shaped 
flakes  (Figure  2).  Electron  diffraction  indicated  the  pha.M  to  be  a  nickel-alum inide  with 
a  composition  approximating  to  Ni  A1  or  N12  il3}  positive  identification  was  not  possible 
and  no  evidence  was  seen  of  the  globular  Ni  Al^  noted  in  the  ternary  alloy.  The  small  phase 
noted  in  Figure  2  is  the  If  Jb+  Ni  seen  in  the  earlier  alloys.  The  needle  phase  developed 
in  size  end  quantity  with  heat— treatment  (Figure  3)  and  was  noted  in  further  castings,  for 
example  in  the  Foundry  cast  plate,  Cast  143,  and  again  developing  with  heat-treatment.  A 
thin  foil  from  this  oast  also  showed  evidence  of  strain  fields  around  unresolved  precipitates 
(Figure  4).  This  was  the  only  evidence  which  indicated  the  presence  of  a  fine,  sub- 
microscopic,  precipitate.  A  second  feature  of  Figure  4  is  the  areas  where  the  cuboid 
Jf  Ps  +  Ni  phase  has  fallen  from  the  foil  during  specimen  preparation.  The  cubes  were 
strongly  orientated  in  this  cast  mid  many  others.  Coawrcial  vacuum  cast  No  7203  contained 
orientated  cubes  in  addition  to  a  stubby  elongated  niokel-eluminide  phase  in  the  grain 
boundaries  Figure  5  and  diamond  shaped  flakes  in  the  interdandritic  areas  (Figure  6). 

(iv)  Corrosion  test  results. 

Crevice  and  general  corrosion  specimens,  from  the  alloys  listed  in  Table  2,  were 
examined  after  1  year  see  Isemrsion.  The  weight  losses  for  the  plain  specimens  are  reported 
in  Table  4.  Crevice  specimens  were  free  from  attack  in  the  crevice  area  but  some  attack 
had  occurred  just  outside  the  crevice  area  on  a  number  of  specimens  (Figure  7,  right  hand 
specimen).  This  effect  was  also  noted  on  a  plain  specimen  (Figure  7,  left  hand  specimen) 
just  outside  the  area  around  the  bolt  hole  which  had  been  covered  with  a  Tufnol  insulator 
which  in  itself  forms  a  crevice.  Microscopic  examination  of  a  corroded  area  showed  slight 
.'coppering*  but  this  was  not  extensive. 

Oalvanio  corrosion.  Alloys  L21,  L25,  E217  and  E218  (experimental  casts  of  a 
commercial  alloy  (8))  were  ooupled  to  90/l0  and  70/30  copper-nickel.  Corrosion  losses 
after  one  year  immersion  are  included  in  Table  4}  weight  losses  for  the  <K3/lO  and  70/30 
alloys  are  not  given  in  the  Table  but  were  similar  to  those  for  the  alloys  to  which  they 
were  coupled. 

Jet-impingement  test  results  of  the  alloys  used  both  for  the  pl&in/crevice  tests  and 
the  galvanic  tests  are  also  reported  in  Table  4. 

Preliminary  sti  ass  -corrosion  tests  to  determine  suitable  stress  levels  for  further 
work  were  carried  out  on  welded  and  unwelded  specimens  from  Cast  38  at  a  stress  level 
of  95#  of  0.1#  proof  stress  (19  tone/ sq  in).  The  welded  specimens  failed  after  periods 
ranging  from  2209  hours  to  3651  hours.  Oily  one  unwelded  specimen  failed  and  that  after 
3673  hours.  Failure  in  the  welded  specimens  oceuned  in  the  parent  material  approximately 
0.25”  away  from  the  filter  material  following  neolcing  on  either  side  of  the  weld. 
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Transcrystalins  corrosion  was  prominent  along  the  length  of  the  parent  metal*  Figure  8 
shows  a  typical  transcrystaline  crack  propagating  normal  to  the  applied  stress  with 
breaching  secondary  cracks*  further  stress-corrosion  tests  were  carried  out  on  unwelded 
specimens  of  Cast  143(  Cast  DOS  and  Cast  7203*  These  materials  represented  a  range  of 
qualities;  from  low  grade  (Cast  143  which  was  contaminated  with  an  embrittling  iron- 
silicide  phase),  to  typical  commercial  quality  (Cast  DCS)  and  high  quality  vacuum  cast 
(7203)*  Specimens  of  the  latter  were  subjected  to  between  75$  end  120$  of  0.1$5  proof  stress* 
No  failures  had  occurred  after  6100  hours*  Cast  DOS  was  exposed  at  stresses  ranging  from 
80$  to  120$  of  0.1$  proof  stress*  Failure  occurred  after  4,800  hours  at  the  highest  stress 
level  and  metallographic  examination  showed  numerous  small,  predominantly  transcrystaline, 
stresa-corrosion  cracks*  No  failures  M  the  lower  stress  levels  (11055  of  proof  stress  and 
below)* 

The  poor  quality  material,  Cast  143,  was  stressed  at  levels  from  7 5$  to  11055  of 
proof  stress*  No  failures  occurred  at  the  7 5$  end  855*  stress  levels  after  6,800  hours; 
the  remainder  failed  after  periods  varying  upon  stress  level  and  the  results  are  given  in 
Table  5* 

4*  Discussion 

(i)  Alloy  structure*  Jones,  Pfeil  and  Griffiths  (9)  indicated  that  2*0-2* 5$  aluminium 
would  provide  optimum  hardening  of  a  copper  -1Q&  niokel  alloy  and  this  formed  the  basis  of 
Cast  125*  The  ternary  system  is  of  littls  practical  interest  because  of  its  low  ductility 
(lO*555  in  'as  cast'  oondition)  although  the  hardening  mechanism  after  full  heat-treatment 
would  be  expected  to  occur  in  the  more  complex  alloys*  The  addition  of  iron  results  in  a 
significant  improvement  in  ductility  and  this  contrasts  with  the  observation  by  Weldon  (10) 
that  iron  has  little  influence  upon  the  mechanioal  properties  of  cupro-niokel  although 
Weldon  was  discussing  aluminium-free  cupronickel  with  iron  oontents  of  1—2$.  It  is 
apparent  that  555  iron  in  the  quaternary  system  will  double  the  ductility  obtained  in  the 
ternary  system.  This  increase  is  due  to  the  formation  of  the  V  Fe  +  Ni  cuboid  phase 
which  removes  nickel  from  solution.  It  is  sipiificant  that  the  increase  in  ductility  is 
only  accompanied  by  a  small  decrease  in  strength  thus  indicating  that  the  cuboids  assist 

in  strengthening  the  matrix  and  compensate  for  the  reduction  in  nickel  content.  In  order 
to  be  effective  as  a  hardening  precipitate,  the  cube  spacing  would  need  to  be  in  the 
region  of  100J  in  order  to  intarfeimwith  dislocation  movement.  The  nickel-aluminide 
phase  was  also  present  in  the  quaternary  alloys* 

The  structure  of  the  quinary  alloys  consisted  of  the  Jf  Fb  ♦  Ni  phase  and  various 
forms  of  the  nickel-aluminide  phase.  This  sometimes  occurred  in  the  form  of  needles  or 
diamond  flakes  (Figure  6)  although  Cast  7203  also  showed  the  stubby  nickel-aluminide  phase 
(Figure  5)*  Although  it  is  possible  that  this  latter  phase  is  some  intermediate  stage 
between  globular  and  needle  forma  of  a  nickel-aluminide  complex  a  more  probable  explanatkn 
is  that  the  grain  boundary  has  moved  and  the  globular  nickel  aluminide  has  acted  as  a  nuolei 
for  further  niokal-aluminide  precipitation.  Thus  the  elongated,  stubhy  phase  is  losated 
between  the  original  and  final  grain  boundary  positions. 

The  stability  of  the  Fe  +  Ni  cubes  present  in  the  quaternary  and  quinary  was  a 
constant  feature,  being  unaffected  by  any  of  the  heat-treatments.  The  allotment  of  the 
cubes  was  consistent  with  the  findings  of  Butlsr  and  Thomas  (11 )  regarding  the  splnodal 
decomposition  of  ternary  Cu*4fi-Pa  alloys.  The  lattice  parameter  (3*6  a)  confirms  the 
observation  of  Dewey  (l)  that  the  phase  is  tf  Fa  +  Ni. 

Although  the  alloy  is  a  precipitation  hardening  system  and  amenable  to  solution  and 
ageing  treatment  aome  increase  in  strength  can  be  achieved  by  a  single  heat  treatment. 

The  'as  cast*  properties  would  be  sore  satisfactory  for  general  requirements* 

(ii)  Corrosion  tests.  The  weight  losses  on  the  plain  specimens  reported  in  Table  4  are 
favourable  for  cupro-nickels,  variations  from  specimen  to  specimen  being  within  normal 
scatter.  The  alloy  does  not  suffer  attack  within  orevioe  areas  but  is  susoeptlble  to 
slight  attack  adjacent  to  crevices.  The  degree  of  corrosion  on  the  specimens  coupled  to 
90/l0  and  70/30  cupro-nickel  was  oomparable  to  that  on  uncoupled  material  and  there  would 
thus  be  no  danger  of  galvmilc  corrosion  If  castings  of  the  alloy  were  to  be  built  into  a 
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cupro-niokel  see-water  syatee.  The  result*  of  the  Bnowamdco-Bannlgto r  impingement  tests 
were  very  favourable  sad  Nay— type  tests  carried  out  independently  by  British  Non-Fbrrcus 
Metals  Research  Association  gave  similar  results  (12).  In  service  the  quinary  alloy  shoiid 
perform  at  least  as  veil  as  conventional  cupro-niokels. 

The  stress-corrosion  tests  were  designed  to  obtain  an  assessment  of  susceptibility 
and  establish  confidence  in  the  use  of  the  alloy  in  practice.  The  choise  of  stresses  was 
arbitrary  but  was  considerably  in  excess  of  those  found  in  service.  The  fence  through*  sea¬ 
water  facility  avoided  possible  metallic  ion  contamination  effects.  Low  susceptibility 
to  stress-corrosion  was  established  on  all  alloys  and  whilst  the  insanity  of  cast  7203  at 
stresses  up  to  120$  proof  after  6000  hours  might  reflect  the  quality  resulting  from 
vacuum  melting,  the  good  performance  of  commercial  cast  DOS  and  the  fair  performance  of 
poor  quality  material,  143,  endorse  the  opinion  that  streaa^sorrosion  susceptibility  is 
very  low. 


5.  Conclusions 

The  structure  of  the  cast  quinary  alloy  consists  of  a  cored  copper-nickel  solid 
solution  containing  a  stable  t  Pe  +  Ni  cuboid  phase  which  contributes  some  strength  and 
a  nickel  aluninide  which  considerably  increases  matrix  strength.  The  alloy  has  good 
resistance  to  jet-impingement  attack,  crevice  corrosion  and  stress-corrosion  and  no 
significant  galvanic  corrosion  occurs  when  ooupled  to  conventional  cupronickels.  The 
self  corrosion  rate  is  low. 

It  is  considered  that  an  alloy  within  the  composition  limits  10-13)1  Ni,  7-8$  Mn, 

4-6$  Jb,  2-2j$  A1  balance  Cu,  in  the  'as  cast'  condition  is  suitable  for  marine  application 
where  medium  to  high  strength  is  required. 
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11.78 

2.04 

5.95 

4.07 

0.48 

- 

5 

11.86 

2.00 

6.14 

4.87 

0.45 

- 

6 

11.75 

2.00 

6.00 

5.79 

0.45 

- 

7 

10.64 

1.02 

6.14 

7.02 

0.70 

- 

3 

11.89 

2.00 

6.09 

7.83 

0.49 

- 

1C 

12.04 

2.12 

6.15 

9.66 

0.30 

- 

A1 

11.63 

1.57 

5.86 

5.43 

0.45 

- 

A2 

11.60 

2.36 

6.00 

5.45 

0.25 

- 

A3 

11.52 

2.39 

6.15 

5.32 

0.49 

- 

134 

12.61 

2.80 

4.69 

6.97 

- 

- 

135 

12.40 

2.82 

4.94 

6.97 

0.28 

- 

136 

143 

12.43 

10.87 

2.19 

2.55 

6.05 

6.27 

6.53 

8.73 

0.18 

(§:&  ?> 

7203 

12.38 

2.46 

5.42 

7.18 

- 

121 

11.60 

1.93 

4.46 

5.00 

O.50 

— 

L24 

11.60 

1.8o 

5.97 

5.00 

- 

— 

E217 

10.30 

1.53 

4.37 

2.95 

0.17 

— 

E218 

14.65 

1.94 

8.35 

4.6t 

0.13 

— 

33 

12.60 

2.13 

4.80 

10.20 

0.61 

DOS 

14.75 

2.10 

4.95 

9.98 

0.05 

0.029  c 

0.032  Si 

Table  1  Composition  of  Alio 
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Table  4  Results  of  Impingement.  General  and  Galvanic  Corrosion  Teste. 


‘,0  PROOF  STRESS 

TIKE  TO  FAIL  (HOURS) 

75 

Removed,  unbroken  after  6800 

35 

Removed,  unbroken  after  6800 

85 

Removed,  unbroken  after  6800 

90 

3738 

90 

575 

95 

455 

95 

479 

100 

215 

100 

335 

110 

192 

Table  r>  ,>idurance  of  loi  grade  material  to  stress-corrosion  failure. 
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Figure  3.  Uickel-aiurainide 
needles  in  Cast  134  after 
heat-treatment  at  550°C. 


Figure  l.|Fe»Ni  cubes  in  Figure  2. 

dendritic  region  of  Cast  127.  Nickel-eluainide  needles  and 

flakes  in  interdandritic 
region  of  Cast  134* 


Figure  6.  Diamond  shaped 
flakes  in  interdendritic 
region.  Cast  7 ’03. 


Figure  5*  Elongated  nickel- 
a  1  mini  do  phase  in  grain 
boundary.  Cast  7203. 


Figure  7.  Plain  and  crevioe  corrosion 
specimens  after  1  year  immersion. 


Figure  8.  Transorystaline  crack  on 
stress-oorrosion  specimen. 


Corrosion  Bshavior  of  Copper-Base  Alloys  with  Respect  to 
Ssawstor  Velocity 


Robert  J,  Ferrara  and  John  P.  Gudas 

Naval  Ship  Research  and  Development  Canter 
Annapolia  Laboratory 
Annapolia,  Maryland  21402 


Interest  in  the  corrosion  behavior  of  metals  over 
an  expanding  realm  of  sea-water  velocity  has  been  gen¬ 
erated  in  rasponsa  to  the  requirements  of  high-perfor¬ 
mance  marine  vehicles  and  associated  subsystems.  His¬ 
torically,  sea-water  velocity  corrosion  testing  has 
been  conducted  at  discrete  velocities  within  a  relatively 
narrow  range  (2-46  feet  per  second) .  Efforts  to  expand 
this  range  to  include  velocities  up  to  120  feet  per 
second  have  resulted  in  new  approaches  and  a  reassess¬ 
ment  of  available  test  techniques.  This  investigation 
deals  with  the  behavior  of  copper-nickel  alloys  in  the 
velocity  range  9-120  feet  per  second.  Four  different 
test  techniques  were  employed,  including  two  rotating 
specimen  tests,  one  impingement,  and  one  multivelocity 
jet  test.  Results  indicate  the  importance  of  third 
element  additions  to  copper-nickel  alloys  to  improve 
their  resistance  to  corrosion-erosion  and  impingement  dam¬ 
age.  Secondary  corrosion  modes  are  also  shown  to  signi¬ 
ficantly  effect  evaluation  of  velocity  behavior. 

Key  Words i  Copper-nickel  alloys;  corrosion-erosion 

tasting;  high  velocity  tests. 


1,  Introduction 

Present  design  requirements  for  machinery  and  piping  systems  place 
emphasis  upon  resistance  to  corrosion  and  mechanical  shock  damage  as  well 
as  the  lightest  weight  possible,  consistent  with  good  design.  The  effects 
of  sea-water  corrosion  and  corrosion -erosion  are  particularly  critical  as 
evidenced  by  the  present  sea-water  velocity  limit  of  15  fps  for  piping 
systems.  (1)  1  To  develop  better  alloys  for  present  machinery  and  piping 
systems  as  well  as  to  respond  to  future  requirements  of  high-performance 
marine  vehicles  and  associated  subsystems,  corrosion  studies  have  been 
carried  out  with  respect  to  the  effects  of  sea-water  velocity.  (2-5)  His¬ 
torically,  sea-water  velocity  testing  has  been  conducted  at  discrete  in¬ 
tervals  within  a  relatively  narrow  range.  Efforts  to  expand  this  range  to 
include  velocities  in  excess  of  120  fps  have  resulted  in  new  approaches  and 
a  reassessment  of  available  test  techniques.  This  investigation  deals  with 
the  behavior  of  eight  copper-nickel  alloys  tested  in  the  velocity  range  of 
9-120  fps.  The  results  of  three  test  techniques,  including  two  rotating 
specimen  tests  and  one  impingement  test,  which  have  been  employed  exten¬ 
sively  in  past  programs  are  presented  and  compared  with  those  obtained  in  a 
new  multivelocity  jet  test.  Characterization  of  sea-water  corrosion- 
erosion  behavior  of  alloys  tested  is  carried  out  with  respect  to  both  test 
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Figures  in  parentheses  indicate  the  literature  references  at  the  end  of  this 
paper . 


technique  and  metallurgical  variable a.  Correlation  and  applicability  of 
the  multivelocity  jet  teat  data  ia  diacuaeed  with  respect  to  the  complete 
teat  program. 


2.  Material  Oeacription 

Seven  copper-nickel  alloys  and  pure  copper  were  tested  in  this  investi¬ 
gation.  Table  1  presents  the  chemical  composition  and  conditions  of  each 
alloy  tested.  The  list  of  alloys  includes  many  candidates  for  seawater 
piping  system*.  Furthermore,  this  group  of  alloys  represents  abroad 
sampling  of  alloy  content  and  composition. 

3.  Investigation 

As  has  been  stated,  this  investigation  involves  four  test  techniques. 

Not  all  alloys  were  tested  completely,  but  a  representative  sample  of 
complete  test  series  does  exist. 

Multivelocity  Jet  Test 

The  jet  test  was  designed  to  extend  the  range  of  test  velocities  to 
100  fps  and  beyond.  The  test  was  originally  conceived  to  produce  high 
velocity  flow  past  a  stationary  specimen  mounted  in  a  nylon  nozzle.  (5) 

The  main  advantage  of  this  test  is  the  fact  that  the  velocity  of  water 
over  the  specimen  surface  can  be  controlled  and  measured  with  considerable 
precision.  Originally,  the  high  velocity  jet  tests  were  carried  out  at  the 
singular  test  velocity  of  120  fps  relative  to  the  specimen.  This  design  was 
subsequently  modified  to  enable  multivelocity  tests  to  be  performed  simul¬ 
taneously.  By  varying  the  orifice  size  of  each  nozzle  the  range  of  available 
test  velocities  was  changed  to  include  9.S  to  51.5  fps.  Figure  1  is  a 
schematic  of  the  modified  nozzle  and  specimen  assembly.  This  program  includ¬ 
ed  tests  carried  out  with  both  high  velocity  and  multivelocity  setups.  Test 
duration  in  all  cases  was  30  days. 

Rotating  Disk  Test 

This  test  procedure  consists  of  a  series  of  specimen  bars  mounted  on  a 
disk  which  can  be  rotated  in  a  tank  full  of  sea  water.  The  controls  in 
this  test  include  sea-water  velocity,  depth,  and  temperature.  Flat  bar 
specimens  are  attached  to  Micarta  disks  using  insulated  fasteners.  Figure 
2  is  a  description  of  the  disk  and  test  specimen  assembly  for  this  test. 

For  this  study,  the  specimens  were  tested  in  the  range  26.3-28.9  fps  outer 
tip  velocity  for  60  days.  Corrosion  rate  was  determined  from  weight-loss 
calculations. 


BNFMRA2  Impingement  Test 

This  test  consists  of  an  aerated  sea-water  jet  impinging  on  a  station¬ 
ary  specimen  which  is  totally  immersed  in  sea  water.  The  controls  for  this 
test  include  jet  velocity,  sea-water  temperature,  and  oxygen  content  of  the 
jet.  For  purposes  of  this  study,  the  tests  were  run  for  60  days  with  a 
peak  jet  velocity  of  25  fps.  The  air  content  of  the  sea  water  was  main¬ 
tained  at  3%.  The  specimens  for  this  test  consist  of  bars  which  are  attach¬ 
ed  to  a  holder  a  fixsd  distance  from  the  nozzle  of  the  jet.  Figure  3  is  a 
drawing  of  the  impingement  jet  and  specimen  holder  for  the  BNFMRA  jet  im¬ 
pingement  test.  Both  weight  loss  and  depth  of  attack  at  the  nozzle  were 
determined  from  each  test. 
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BNFMRA  -  British  Nonferrous  Metals  Research  Association. 
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Rotating  Spindle  Test 


Tha  rotating  spindla  taat  consists  of  spacimans  in  tha  form  of  disks 
mounted  on  and  insulated  from  a  spindla  which  is  rotated  in  a  tank  of  sea 
water.  Clean  saa  watar  flowed  continuously  through  the  tank  during  the 
testa.  There  was  no  vortex  around  tha  spindle  and  the  sea  watar  remained 
free  from  entrained  bubbles.  Tha  velocity  achieved  at  the  periphery  of  the 
spacimans  ranged  from  24-26  fps,  and  the  tests  ware  run  for  60  days.  Figure 
4  is  a  drawing  of  tha  rotating  spindla  specimen. 

4.  Results  and  Discussion 

Tha  results  of  the  multivelocity  jet  tests  and  high  velocity  jet  testa 
are  plotted  in  figure  5.  In  examining  this  figure,  it  ia  seen  that  four 
alloys,  CA  706,  CA  719,  CA  716  and  pure  copper  exhibit  excellent  resistance 
to  corrosion-erosion  attack  ovar  tha  entire  range  of  teat  velocities. 

Figure  6  indicates  the  slight  degree  of  surface  erosion  damage  which  is 
typical  of  these  alloys.  The  remaining  alloys  show  generally  higher  corro¬ 
sion  rates  at  lower  test  velocities,  and  undergo  significant  corrosion-ero¬ 
sion  damage  as  the  high  velocity  limit  ia  reached.  Figure  7  shows  general 
surface  erosion  which  occurred  with  CA  715.  As  is  seen,  a  reasonable  degree 
of  damage  occurred  at  all  test  velocities.  It  must  be  noted  in  analyzing 
the  results  of  the  jet  teats  that  these  data  daacriba  resistance  to  corroaion- 
erosion  attack  caused  by  highly  aerated  seawater  flowing  over  a  smooth  sur¬ 
face.  Modes  of  attack  such  as  impingement  and  cavitation  have  been  essen¬ 
tially  eliminated.  Furthermore,  only  negligible  crevice  corrosion  attack 
occurred  at  support  points  thereby  minimizing  that  type  of  secondary  mode 
uncertainty  in  corroaion  rate  determination. 

Figure  8  presents  the  results  of  the  rotating  disk  tests.  It  is  seen 
that  at  the  single  test  velocity,  CA  716,  CA  719  and  60/40  Cu-Ni  showed 
superior  resistance  to  corrosion-erosion  damage.  Typically,  damage  occurred 
by  accelerated  erosion  at  the  leading  edges  and  at  the  line  of  intersection 
of  the  mounting  bracket  and  specimen  surface.  In  figure  9,  CA  719  is  shown 
to  suffer  slight  but  observable  edge  and  surface  erosion  whereas  CA  717  dis¬ 
played  more  severe  local  and  overall  surface  degredation.  In  observing  the 
60/40  Cu-Ni  specimens,  it  is  seen  that  although  surface  erosion  was  neglig¬ 
ible,  moderate  crevice  attack  took  place  when  the  specimen  is  attached  to 
the  disk.  This  test  was  seen  to  promote  complicated  secondary  corrosion 
modes  to  a  significantly  greater  degree  than  the  jet  tests. 

Figure  10  presents  the  results  of  the  BNFMRA  jet  impingement  tests  with 
respect  to  both  weight  loss  and  depth  of  attack  criteria.  Tha  latter  is  the 
most  applicable  for  this  strict  impingement  test  mode.  CA  716,  CA  719  and 
60/40  Cu-Ni  again  display  superior  rasiatanca  to  this  type  of  attack. 

However,  copper  and  CA  706  show  reduced  resistance  as  compared  to  the  corro¬ 
sion-erosion  modes  while  CA  715  and  70/30  Cu-Ni  (Low  Fs)  are  consistently 
poor  in  performance.  Figure  11  shows  typical  specimens  after  completion  of 
the  jet  impingement  test. 

The  results  of  the  rotating  spindle  tests  presented  in  figure  12  indi¬ 
cate  aome  agreement  with  other  erosion  type  tests.  However,  the  poor 
rasiatanca  of  pure  copper  and  good  resistance  of  CA  715  to  this  mode  of 
erosion  attack  does  not  agree  with  previously  described  reeults. 

The  analysis  of  results  from  the  four  test  series  of  high  velocity 
corrosion  tests  reflects  many  of  tha  variables  of  this  type  of  testing. 

Factors  such  as  flow  conditions,  velocity  range,  degree  of  turbulence,  sea¬ 
water  oxygen  content,  length  of  test  and  existence  of  velocity  gradients 
directly  effect  inodes  and  severity  of  attack.  Furthermore,  these  factors 
strictly  limit  the  description  of  corrosion  behavior.  However,  certain  con¬ 
clusions  can  be  drawn  from  this  compilation  of  test  results.  The  beneficial 
effecte  of  iron  additions  on  the  corrosion-erosion  behavior  of  copper-nickel 
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alloys  is  illustrated  by  ths  superior  behavior  or  60/40  Cu-Ni,  CA  716  and 
to  some  extent,  CA  706.  In  reviewing  table  1,  it  is  seen  that  these  alloys 
have  from  3  to  10  times  the  iron  content  of  CA  715.  It  has  been  shown  that 
both  CA  715  and  70/30  Cu-Ni  (Low  re)  dieplay  relatively  poor  resistance  to 
corrosion-erosion  and  impingement  attach.  The  beneficial  effects  of  chromium 
additions  are  illustrated  by  the  superior  corrosion  behavior  of  this  alloy 
in  all  test  modes.  Beryllium  additions  made  to  copper-nickel  alloys  to  pro¬ 
mote  precipitation  strengthening  appear  to  be  detrimental  from  a  corrosion 
standpoint. 

The  interpretation  of  the  results  from  all  of  these  tests  is,  as 
stated  earlier,  complicated  by  the  variables  introduced  by  each  test  format. 
The  results  have  shown  that  alloys  which  exhibit  superior  resistance  to 
corrosion-erosion  attack  in,  for  example,  the  jet  tests,  do  not  strictly  or 
necessarily  reflect  this  behavior  in  other  test  modes.  However,  the  multi¬ 
velocity  jet  test  is  seen  to  possess  advantages  of  severity,  applicability 
and  accuracy  over  other  corrosion-erosion  test  modes.  The  ranges  of  avail¬ 
able  test  velocity,  control  of  parameters  and  minimal  introduction  of 
secondary  modes  of  corrosion  are  seen  to  be  distinctly  advantageous.  The 
possibility  further  exists  of  incorporating  cavitation  damage  into  this 
format  with  simple  specimen  modification.  However,  application  of  the 
results  presented  here  should  be  limited  to  situation  where  corrosion-ero¬ 
sion  predominates  and  should  not  be  projected  directly  to  situations  where 
turbulence,  impingement,  velocity  gradients  and/or  cavitation  contributes 
significantly  to  flow  conditions. 

5.  Conclusions 

The  following  conclusions  may  be  reached  from  results  derived  in 
this  programs 

o  Additions  of  third  element  iron  or  chromium  enhances  resistance 
of  Cu-Ni  alloys  to  corrosion-erosion  and  impingement  damage  independent  of 
level  of  nickel  content. 

o  CA  716  (solution  annealed)  CA  719  and  60/40  Cu-Ni  show  superior 
resistance  to  corrosion-erosion  and  impingement  over  the  velocity  range 
9-120  feet  per  second. 

o  The  multivelocity  jet  test  possesses  significant  advantages  of 
severity,  accuracy,  and  applicability  when  considering  susceptibility  to 
corrosion-erosion.  The  evaluation  of  test  results  should  be  dona  on  the 
basis  of  corrosion-erosion  phenomenon,  and  should  not  be  projected  to 
situations  where  impingement,  velocity  gradient,  and/or  cavitation  are 
produced  by  flow  conditions. 
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CHEMICAL  COMPOSITION  AND 
CONDITION  OF  ALLOYS  TESTED 


ALLOY 

Cu 

Ni 

Ft 

Mn 

Cr 

Bt 

Condition 

"  ' 

" 

Cu 

99.95 

- 

0.05 

- 

- 

- 

UNKNOWN 

CA706 

8760 

1062 

1.45 

0.44 

- 

- 

HALF  HARD 

CA7I5 

6720 

31.42 

0.60 

0.72 

- 

- 

HOT  ROLLED 

CA7I6 

64.1 

2959 

5.38 

0.08 

“ 

- 

SOLUTION 

ANNEALED 

CA7I9 

66.41 

297 

021 

058 

3.10 

- 

HOT  ROLLED* ANNEALED 

70/30  Cu-Ni  6a96 
(Low  Ft) 

30.02 

0.06 

0.44 

— 

UNKNOWN 

DRAWN  AND 

60/40  Cu-NI  34.98 

42.36 

2.19 

1.35 

STRESS 

RELIEVED 

SOLUTION 

CA7I7 

65.36 

32.55 

0.75 

0.55 

0.56 

ANNEALED 

AND  AGED 

Fi,sch«mitic  of  Multivolocity  Jot  Toot  Nozzlo 
Aooombly  and  Spoctreon  Configuration. 
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Figura  2 

Micarta  Diak  and  Taat  Spaciman  for 
Rotating  Diak  Corroaion-Eroaion  Apparatua 
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Figura  4 

Rotating  Spindla  Taat  Spaciman 
Configuration 
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Figure  S 

Results  of  Multivelocity  and 
High  Velocity  Jet  Tests 
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VELOCITY,  FPS 


Figure  6 

CA  716  (Solution  Annealed)  Specimens  After  Testing 
in  Multivelocity  Jet  Test  Apparatus 
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Figure  7 

CA  715  Specimens  After  Testing  in 
Multivelocity  Jet  Test  Apparatus 
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Figure  8 

Results  of  Roteting  Disk  Tests 
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Figure  9 

Rotsting  Disk  Specimens  After  Test 
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Results  of  BNFMRA  Jet  Impingement  Tests 
Surfaces  Facing  jets  Backsides 
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Figure  11 

CA  706  and  CA  715  BNFMRA  Jet  Impingement 
Test  Specimens  After  Test 


5  10 

CORROSION  RATE 
MPY 


Results  of  Rotating  Spindle  Tests 
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Written  Contribution  by  J.  B.  Cotton: 

Mr.  Campbell  has  already  printed  out  the  apparently  anomalous  low 
results  obtained  with  copper  as  compared  to  those  obtained  with  various 
types  of  cupro  nickel.  This  is  particularly  noticeable  when  one  compares 
the  performance  of  copper  with  that  of  conventional  70/30  cupro  nickel, 

CA  715  tvpe ,  at  the  highest  water  speeds  of  26  and  51  feet  per  second. 

In  the  rotating  spindle  test  and  in  the  multivalent  jet  test  at  9.5 
feet  per  second,  the  order  of  merit  more  nearly  accords  with  that  expected 
from  experience  in  service,  although  even  in  those  tests  the  corrosion  rate 
for  copper  is  lower  than  would  have  been  expected  from  service  behaviour  at 
more  usual  rates  of  flow.  In  any  event  one  would  normally  have  expected 
the  performance  of  copper  to  have  been  inferior  to  almost  any  form  of 
cupro  nickel. 

This  departure  of  copper  from  the  normally  expected  performance 
certainly  requires  some  explanation  and  some  further  investigation  and  it 
should  not  be  assumed  that  such  results  would  never  occur  under  service 
conditions  at  very  high  rates  of  flow,  as  the  following  example  will 
demonstrate . 

In  1957-8,  the  writer  operated  an  experimental  tube  bundle  (investi¬ 
gations  at  the  former  Metals  Division  of  Imperial  Chemical  Industries)  on 
once  through  flow  of  Brixham  (Devon)  sea  water,  at  speeds  of  flow  of  10 
feet  and  30  feet  per  second,  the  test  condition  at  30  feet  per  second  being 
aggravated  by  the  addition  of  3%  air.  The  tests  ran  for  twelve  months, 
virtually  continuously,  except  for  brief  stoppages  for  maintenance  of 
equipment — no  stoppage  being  longer  than  five  hours'  duration.  The  tube 
dimensions  in  this  test  were  10  feet  length,  0.5  ins  outside  diameter  and 
0.040  ins  wall  thickness. 

At  10  feet  per  second,  with  no  added  air,  copper  performed  as  would 
be  expected  from  known  service  behaviour,  the  tubes  perforating  (0.040  ins) 
within  three  feet  from  the  inlet  end  in  test  periods  that  varied  from 
six  to  fifty  weeks.  Cupro  nickel  CA  715  type  suffered  pitting  only  to  a 
maximum  depth  of  0.0005  ins;  10%  cupro  nickel  CA  705  type  to  a  maximum 
depth  of  0.020  ins;  2%  aluminum  brass  suffered  inlet  end  attack  to  a 
maximum  depth  of  0.021  ins  while  Admiralty  Brass  had  virtually  perforated. 

At  30  feet  per  second,  with  3%  added  air,  the  results  were  quite 
different.  The  maximum  depths  of  attack  on  copper  was  0.015  ins,  that  on 
CA  715  type  cupro  nickel  was  0.012  ins,  that  on  705  type  cupro  nickel  was 
0.028  ins,  that  on  Admiralty  Brass  0.018  ins,  while  2%  aluminum  brass  had 
suffered  highly  localised  perforation  (0.040  ins). 

The  explanation  for  the  apparent  anomalous  performance  of  these 
materials  at  very  high  speeds  of  flow  appears  to  lie  in  the  behaviour  of 
the  surface  films.  For  cupro  nickel  and  2%  aluminum  brass  tested  at  30 
feet  per  second,  the  surface  films  remained  intact  over  more  than  90% 
of  the  surface,  the  attack  occurring  in  the  form  of  very  localised  pitting, 
while  for  copper  and  Admiralty  Brass  there  was  much  more  overall  removal 
of  metal — the  Admiralty  Brass,  for  example,  suffering  from  what  was  virtually 
a  "carpet"  of  "horse  shoe"  type  pits  over  the  whole  of  its  surface--but  none 
of  the  pits  penetrating  more  than  two-fifths  into  the  tube  wall. 

It  is  simple  to  postulate  that  results  such  as  those  for  cupro  nickel 
and  2%  aluminum  brass  can  be  explained  in  terms  of  the  establishment  of 
electrochemical  cells  involving  small  anode  at  areas  where  the  protective 
film  has  been  only  locally  removed,  the  locally  bared  areas  being  coupled 
with  a  larger  surrounding  air-depolarised  cathode.  This  needs  to  be  confirmed 
by  appropriate  electrochemical  investigations,  and  unfortunately,  at  the 
time  the  tests  were  made  there  was  no  opportunity  of  doing  that. 
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Summarized  Discussion 

In  reply  to  questions,  the  authors  stated  that  the  water  in  their 
experiments  was  recirculated,  that  there  was  no  control  over  turbidity, 
that  the  surface  roughness  of  the  specimens  was  controlled  at  30  rms, 
but  that  metallurgical  features  such  as  grain  size  were  not  controlled. 
There  was  general  agreement  that  the  performance  of  copper  in  the  authors' 
tests  was  different  from  its  performance  in  structural  components  and  flow 
rate  conditions  commonly  met  in  practice. 
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Recent  research  on  materials  for  marine  engineering  purposes  has 
been  aimed  at  improved  reliability  and  reduced  life  cycle  costs.  Elec¬ 
trochemical  studies  of  selective  phase  corrosion  and  other  alloy  develon- 
ment  work  have  led  to  improved  materials  including  two  new  precipitation 
hardened  cupro-nickel  alleys  with  0. IX  proof  stress  levels  of  286  MN/m2 
and  463  MN/m2.  A  stat  ic  beam  type  fracture  test  has  shown  promise  of 
discriminating  between  alloys  in  terms  of  their  likely  resistance  to 
shock  loading  in  service.  The  use  of  clad  overlays  on  steel  provides 
an  alternative  technique  for  achieving  higher  strength  components, 
eliminating  certain  corrosion  problems  and  reducing  cos*-s.  Large  scale 
pipe  system  experiments  have  been  used  to  investigate  the  influence  of 
hydrodynamic  factors  on  corrosion-erosion  of  copper  alloys  and  the 
mechanism  of  inpingement  attack  on  condenser  tube  inlets  has  been 
studied  electrochemically .  An  instrument  for  monitoring  corrosion  test 
electrodes  has  been  developed  and  several  techniques  for  detecting  the 
incidence  of  impingement  attack  are  being  examined.  A  simple  portable 
eddy  current  instrument  for  inspecting  heat-exchanger  tubing  in-situ 
has  been  built  and  is  being  evaluated. 

Key  Words:  marine  corrosion;  copper  alloys;  cladding 
impingement;  cavitation;  stress  corrosion;  electrochemistry; 
corrosion  testing;  corrosion  monitoring;  non-destructive 
testing. 


1.  Introduction 

Recent  research  and  development  on  copper  based  alloys  and  other  materials  for  marine 
engineering  purposes  has  been  oriented  towards  achievement  of  maximum  reliability  and 
lowest  life  cycle  costs  in  seawater  systems  and  propulsion  machinery  in  Naval  vessels. 

This  research  on  both  the  basic  and  technological  levels  has  led  in  particular  to  a  greater 
understanding  of  the  corrosion  behaviour  and  properties  of  copper  base  alloys.  Escalation 
of  the  costs  of  alloying  additions,  such  as  nickel,  which  have  a  beneficial  influence  on 
marine  corrosion  resistance  has  led  to  interest  in  the  development  of  precipitation  hardened 
cast  cupro-nickel  alloys  with  10  to  15X  nickel  in  order  tu  achieve  hieh  load  carrying  ability 
without  increase  in  costs.  An  alternative  approach  to  higher  strength  has  been  the  use  of 
clad  steels.  To  prevent  costly,  adventitious  failures,  it  has  been  necessary  to  consider 
possible  techniques  of  corrosion  monitoring  and  non-destructive  testing  of  components 
in-situ. 


2.  Alloy  Development 

Studies  have  been  aimed  at  improvement  of  resistance  to  certain  specific  forms  of 
corrosion  and  also  to  achieving  higher  strengths  without  loss  of  weldability,  toughness  or 
corrosion  resistance. 

To  obtain  an  understanding  of  the  mechanism  of  preferential  attack  of  individual  phases 
in  duplex  alloys,  electrochemical  studies  have  been  made  on  electrodes  consisting  of  the 
individual  phases  of  the  copper-zinc,  copper-tin  and  copper-aluminium  systems.  This  work 
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has  enabled  prediction  of  the  corrosion  behaviour  of  more  complex  alloys  with  a  larger  number 
of  metal  components.  In  90/10  aluminium-bronte  the  structure  may  be  either  a  +  6  or  a  ♦  y2 
according  to  heat-treatment.  The  a  and  6  phases  are  of  nearly  equal  potential  when  in  sea¬ 
water  the  beta  being  slightly  anodic,  but  with  the  a  ♦  yi  structure  the  y2  is  significantly 
anodic  by  approximately  250  raV(l)1.  It  was  known  that  the  addition  of  up  to  3Z  manganese 
prevented  the  formation  of  the  y2  phase,  but  this  results  in  the  $  phase  becoming  consi¬ 
derably  less  noble  and  consequently  preferential  attack  of  the  B  phase  occurs.  However, 
additions  of  silicon  do  not  have  this  effect  and  a  very  successful  aluminium-silicon-bronze 
(6  Al/2.2  Si/1  Fe/remainder  Cu)  has  been  developed (2) ,  xhe  nomenclature  of  the  phases  in 
this  alloy  being  a  ♦  k  (Figure  1).  This  alloy  has  been  used  in  both  the  wrought  and  cast 
forms  with  considerable  success,  it  is  readily  welded,  but  there  are  limitations  on 
mechanical  properties  (0.  IX  proof,  170  MN/m?  (11  tonf/in2)),  tensile  strength  525  MN/mZ 
(34  tonf/in'),  elongation  36Z),  and  the  resistance  to  impingement  attack  is  slightly 
inferior  to  90/10  aluminium-bronze.  With  manganese  addition  to  the  90/10  aluminium-bronze 
the  resultant  selective  phase  corrosion  of  the  8  phase  is  considerably  slower  than  the 
corrosion  of  the  y2  phase  in  the  90/10  alloy.  For  higher  strength  castings  nickel-aluminiunr 
bronze  is  now  extensively  used,  and  is  essentially  to  British  Standard  1400AB2C  ,  with  a 
restricted  chemical  composition,  A1  8.5-10.0/Fe  4.0-5. 5/Pb  0.02  max.  This  alloy  has  an 
a  ♦  8  structure  with  varying  forms  of  the  k  phase.  The  <  Phase  is  more  noble  than  the  alpha 
phase,  and  consequently  selective  attack  of  the  alpha  phase  can  occur  when  a  lamellar  kappa 
phase  is  present  in  a  semi-continuous  form,  but  this  results  in  pitting  which  is  readily 
observed  visually.  Selective  attack  in  the  90/10  type  aluminium-bronzes  occurs  with  re¬ 
precipitation  of  copper  retaining  the  original  form  and  shape  of  the  material,  but  with 
negligible  mechanical  strength.  This  latter  form  of  corrosion  is  very  dangerous  by  virtue 
of  being  largely  undetectable  both  visually  and  by  non-destructive  testing  using  ultrasonic 
and  eddy  current  techniques.  A  similar  examination  has  been  carried  out  on  the  higher 
strength  alloy  to  BS1400CMA1  (Mn  13/A1  8/Fe  3/Ni  3/remainder  Cu),  which  is  an  a  ♦  8  alloy 
with  very  attractive  mechanical  properties,  especially  with  respect  to  ductility  where  it  is 
superior  to  most  high  strength  copper-base  casting  alloys.  Unfortunately,  unless  this 
alloy  is  cathodically  protected,  it  is  highly  susceptible  to  selective  phase  corrosion  of 
the  8  phase,  especially  under  crevice  conditions.  The  rate  of  attack  is  very  dependent  on 
the  heat-treatment  which  the  material  has  received,  and  it  has  been  shown  that  heat-treatment 
at  600°C  reduces  the  rate  of  corrosion.  Consnercial  developments  of  this  alloy  with  tin 
additions  produced  a  marked  improvement  in  reducing  selective  phase  corrosion  with  some 
slight  loss  in  mechanical  properties,  but  rates  of  attack  of  the  8  phase  have  been  reduced 
to  about  0.3  mn/year  as  opposed  to  up  to  4  mm/year  with  the  tin  free  alloy.  The  variable 
corrosion  behaviour  of  the  tin  free  alloy  was  attributed  to  the  variation  in  nickel  dis¬ 
tribution  between  the  a  and  8  phases  according  to  the  thermal  history  of  the  material. 

Corrosion  trials  are  frequently  undertaken  in  conjunction  with  the  alloy  developers. 
Currently  the  main  interest  is  centred  around  improvement  in  mechanical  properties  of  the 
cupro-nickel  alloys  based  on  70/30  and  90/10  compositions,  whilst  maintaining  their  excel¬ 
lent  corrosion  performance.  The  presence  of  iron  and  to  a  lesser  extent  manganese,  in  the 
cupro-nickels  to  obtain  resistance  to  impingement  attack  is  well  known.  However,  a  recent 
development^)  has  been  the  replacement  of  iron  with  chromium,  the  wrought  alloy  being 
designated  IN732  (30Z  Ni,  2Z  Cr,  remainder  Cu).  Typical  mechanical  properties  are:-  0.2Z 
proof  stress  372  MN/m^  (24.1  tonf/in^),  tensile  strength  607  MN/m2  (39.3  tonf/in2),  elon¬ 
gation  30Z.  AML  experience  along  with  other  potential  user  trials  is  that  this  material 
is  very  promising,  but  an  unusual  corrosion  characteristic  was  found  in  that  one  sample  had 
significant  impingement  attack  on  the  leading  edge  where  it  was  exposed  under  full  immersion 
conditions  in  a  flowing  tide.  Metal lographic  examination  showed  that  this  attack  was 
associated  with  a  precipitate  in  the  grain  boundary,  which  has  not  been  positively  identified 
but  is  possibly  zirconiua  nitride,  but  there  was  evidence  to  suggest  that  the  working  of  this 
particular  sample  was  inadequate  to  break  down  the  cast  structure. 

As  noted  above,  a  nickel-aluminium-bronze,  broadly  similar  to  BS1400  AB.'.C,  is  employed 
for  high  strength  castings  where  shock  resistance  is  a  criterion.  Experience  has  shown 
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Figures  in  parentheses  indicate  the  literature  references  at  the  end  of  this  paper. 
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Chat  whilst  gunmetal  and  nickel  aluminium-bronze  have  comparable  Charpy  Vee  notch  or  Izod 
impact  properties  (13.5-27  J  (10-20  ft. lb)),  gunmetal  has  inferior  shock  resistance  because 
its  yield  and  fracture  stresses  are  much  lower  than  those  of  aluminium-bronze.  If  notched 
bar  impact  properties  are  relevant  to  shock  resistance  it  is  apparent  that  improvement  can 
be  obtained  by  increasing  the  yield  strength  at  the  same  impact  level  or  by  increasing  the 
impact  value  at  the  same  yield  level.  To  explore  both  of  these  possible  approaches, 
research  has  been  sponsored  by  AML  into  alloys  based  on  a  cupro-nickel  matrix  which  has 
inherently  greater  toughness  than  the  copper-aluminium  matrix  of  the  BS1400AB  2C  type  of 
alloy.  The  two  approaches  to  alloy  development  were  based  on  a  nickel  content  of  less  than 
15Z  to  facilitate  foundry  production  by  the  use  of  conventional  non-ferrous  melting  practice. 
A  further  constraint  on  the  development  was  that  the  alloys  should  have  no  undesirable  skin 
forming  properties  to  avoid  casting  problems,  should  be  readily  castable,  weldable  and 
possess  adequate  resistance  to  marine  corrosion.  It  was  essential  that  the  alloys  should 
be  weldable  to  enable  repair  of  defective  castings  and  to  permit  greater  versatility  by 
ensuring  that  components  of  complex  geometry  and/or  large  size  which  might  be  difficult  to 
make  sound  as  a  single  casting  could  be  fabricated  by  welding  together  a  number  of  smaller 
sound  castings  of  simple  shape. 

Two  alloys  have  been  developed  which  substantially  match  the  target  property  levels. 

The  lower  strength  alloy  is  a  silicon-niobium  hardened  cupro-nickel  with  typically  10Z  Ni, 
1.0Z  Mn,  1.5Z  Fe,  0. 4Z  Si,  0.4Z  Nb,  remainder  copper,  and  has  typical  mechanical  properties 
of  0. 1Z  proof  stress  286  MN/m2  (18.5  tonf/in2),  tensile  strength  420  MN/m2  (27.5  tonf/in^), 
elongation  21Z  and  Izod  45J  (33  ft.  lb).  The  high  strength  alloy  has  a  preferred  compo¬ 
sition  of  12. 5Z  Ni,  10-12Z  Mn,  5-7Z  Fe,  which  yields  mechanical  properties  of  0. 1Z  proof 
stress  463  MN/m2  (30  tonf/in2),  tensile  strength  664  MN/m2  (43  tonf/in2),  elongation  13Z  and 
Izod  16J  (12  ft.  lb).  Both  alloys  are  precipitation  hardened,  the  lower  strength  alloy 
achieving  its  properties  during  natural  cooling  in  a  25  mm  thick  section  in  a  sand  mould. 

The  high  strength  alloy  depends  on  the  presence  of  iron  and/or  manganese  to  form  ordered 
precipitates  which  act  as  strong  barriers  to  dislocation  movement  under  stress(^).  The 
ordering  reaction  is  advantageous  in  that  casting  and  welding  can  be  carried  out  prior  to 
the  hardening  heat-treatment  which  involves  heating  at  around  450°C  for  about  24  hours  and 
thus  avoids  the  quenching  stresses  and  accompanying  distortion  which  are  associated  with 
normal  quenching  and  ageing  methods.  The  use  of  beryllium  as  a  hardening  addition  was 
discarded  in  view  of  the  likely  health  hazard  associated  with  melting  beryllium  containing 
alloys  under  conventional  foisidry  conditions  in  the  UK. 

The  silicon  niobium  alloy  hus  good  resistance  to  impingement  attack  as  assessed  by  jet 
impingement  tests  with  sea  water  in  which  it  was  compared  with  two  70/30  cupro-nickel 
alloys  (CN107  and  a  low  iron  70/30)  and  90/10  cupro-nickel  (CN102)(5)  sea  water  exposure 
tests  on  the  raft  facility  in  Langstone  Harbour  are  in  progress  and  results  will  be 
available  in  the  near  future.  Full  scale  tests  in  flowing  sea  water  remain  to  be  carried  out 
in  conjunction  with  larger  scale  foundry  tests  on  the  alloy.  The  weldability  appears  to  be 
rather  better  than  that  of  the  70/30  Si-Nb  hardened  high  tensile  cupro-nickel.  The  corrosion 
behaviour  and  weldability  of  the  higher  strength  alloy  remain  to  be  assessed. 

3.  Toughness 

Tests  designed  to  assess  the  shock  resistsnce  of  cast  copper  alloy  components  are 
expensive  and  produce  results  which  do  not  identify  separately  the  effects  of  the  inherent 
shock  toughness  of  the  material  per  se,  poor  design  or  metallurgical  defects.  As  noted 
earlier,  impact  values  are  not  necessarily  a  reliable  and  discriminating  guide  to  shock 
resistance.  Thus  effort  has  been  devoted  to  an  examination  of  alternative  techniques  for 
assessing  this  property  in  terms  of  some  measurable  parameter  to  enable  new  casting  alloys 
to  be  compared  with  existing  well  characterised  materials  without  recourse  to  empirical 
shock  teating  of  components  in  the  new  material.  A  static  fracture  mechanics  test  similar 
to  the  procedure  employed  in  studies  of  linear  elastic  fracture  mechanics^)  has  been  found 
to  give  good  discrimination.  A  three  point  notched  and  fatigue  cracked  bend  test  SO. 8  x 
25.4  Em  (2  x  1  in)  in  cross  section  has  been  employed  in  a  study  at  AML  (Figure  2).  In 
general  copper  base  alloys  are  too  ductile  to  provide  valid  Kic  values  in  small  sections  and 
fail  by  general  yielding.  The  values  obtained  in  test3  on  the  specimens  described  are 
termed  pseudo  Kic  denoted  by  Kic.  However  the  specimen  does  provide  apprecieble  constraint 
at  the  tip  of  the  sharp  fatigue  crack  which  supplies  a  realistic  element  in  the  test.  The 
bending  load  to  produce  the  first  extension  of  the  fatigue  crack  as  detected  by  visual 
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observation  of  the  flanks  of  the  specimen,  or  by  a  sensitive  potential  difference  technique, 
is  some  function  of  the  fracture  stress.  Thus  such  a  test  combines  features  not  simul¬ 
taneously  present  in  conventional  impact  tests  and  is  considered  realistic  in  spite  of  the 
pseudo  nature  of  the  parameter  which  is  measured  in  the  test.  This  parameter,  "Rjc,  although 
somewhat  artificial  is  found  to  be  greater  for  larger  specimens  and  has  been  shown  to  vary 
as  L®1 6  where  L  is  any  linear  dimension  for  geometrically  similar  specimens  differing  only 
in  size.  This  relationship  based  on  practical  data  is  close  to  the  value  L°- 5  to  be  expected 
on  theoretical  grounds (7).  Thus  a  small  SO. 8  x  25.4  mm  (2  x  1  in)  specimen  provides  pes¬ 
simistic  values  in  relation  to  the  behaviour  of  thicker  sections.  Values  of  Rj^obtained  for 
nickel-aluminium-bronze  and  gunmetal  are  40  MN.m-3/2  *nd  23  MN.m“3/2  respectively.  Values 
obtained  on  silicon,  niobium  hardened,  high  tensile  70/30  cupro-nickel  are  appreciably  higher 
than  for  nickel-aluminium-bronze.  The  proprietary  casting  alloy  Hiduron  501  (8)  (14Z  Ni, 

5Z  Fe,  10Z  Mn,  2Z  Al,  remainder  copper)  which  has  a  0. 1Z  proof  stress  of  293  MN/m?  (19  tonf/ 
in^)  and  an  Izod  value  of  47.5  J  (35  ft.  lb)  and  the  newly-developed  90/10  cupro-nickel  alloy 
hardened  with  silicon  and  niobium  both  give  values  comparable  with  nickel  aluminium-bronze. 

None  of  the  materials  considered  would  be  expected  to  show  any  pronounced  strain  rate 
effects  associated  with  the  higher  rates  of  strain  in  shock  loading  as  compared  with  static 
loading  at  low  rates  of  strain  but  to  establish  that  this  is  a  valid  assumption  further  tests 
are  planned  at  higher  rates  of  strain  employing  a  pneumatic  loaded  bend  test  facility. 

4.  Metal  Cladding 

For  specific  components  where  the  mechanical  properties  of  steel  are  required  and 
protection  with  organic  coatings  is  not  practical,  cladding  with  various  copper  base  alloys 
has  been  investigated.  Further  considerations  have  been  the  need  to  economise  in  the  use  of 
expensive  copper  base  alloys  in  thick  sections  and  the  desire  to  improve  the  corrosion 
protection  of  inaccessible  components  such  as  sea  tubes  where  painting  is  not  effective. 

Sea  tubes,  which  are  the  inlets  and  discharges  to  seawater  systems  from  a  ship's  hull 
are  normally  considered  as  part  of  the  steel  hull,  and  fabricated  accordingly  in  steel. 

Some  sea  tubes  are  of  a  very  complex  shape,  and  others  of  small  diameter,  making  access 
for  appropriate  abrasive  blasting  of  the  surface  and  protection  with  paint  systems  very 
difficult.  For  a  number  of  years  an  alternative  system  has  been  to  galvanise  these  pipes, 
but  the  life  of  such  protection  can  be  rather  limited,  due  to  bimetallic  corrosion.  A  more 
effective  and  viable  system  is  to  line  the  sea  tubes  either  with  a  weld  overlay  to  give  a 
"fusion  clad"  surface,  or  "skin  clad"  tubes  with  a  thin  alloy  liner  welded  at  intervals  to 
the  base  steel  pipe.  The  skin  cladding  may  be  formed  in-situ  by  explosive  forming.  For 
this  application  the  advantage  is  that  the  resultant  corrosion  from  the  bimetallic  system 
is  brought  on  to  the  steel  hull,  where  it  is  readily  observed  at  refits  and  measures  can 
be  taken  for  adequate  surface  preparation  and  application  of  high  duty  coatings.  Thus  the 
non-ferrous  seawater  system  is  effectively  continued  through  to  the  ship's  hull.  The  metal 
cladding  technique  has  been  considered  for  a  number  of  other  applications,  including  flash 
chambers  of  pre-multi-stage  flash  distillation  plant,  heat-exchanger  tube  plates  and  water 
boxes.  Laboratory  trials  are  currently  in  hand  to  determine  the  effects  of  cyclic  pres- 
surisation  of  "skin  clad"  tubes  to  assess  any  resultant  disruption  of  the  clad  layer  and 
possible  corrosion-fatigue  of  the  ply  welds.  In  the  same  trial  the  performance  of  fusion 
clad,  skin  clad  and  explosively  bonded  cupro-nickel  alloys  to  a  steel  are  being  assessed 
for  resistance  to  water  flows  of  4.5  m/sec.  Certsin  details  of  the  welding  and  fabrication 
techniques  have  already  been  published  and  further  information  is  to  be  published 
shortly(9, 10) #  As  the  metal  cladding  techniques  have  been  considered  principally  for  sys¬ 
tems  subjected  to  flowing  seawater,  the  prime  consideration  has  been  the  use  of  70/30  or 
90/10  cupro-nickels,  but  both  fusion  and  clad  welding  techniques  can  be  used  with  other 
copper-base  alloys  such  as  nickel-aluminium-bronze. 

5.  Corrosion/Erosion  Studies  on  Cupro-Nickel  Alloys 

Seawater  systems  in  HM  Ships  have  for  many  years  been  constructed  from  cupro-nickel 
alloys  containing  optimum  levels  of  iron  and  manganese  to  improve  resistance  to  impingement 
corrosion.  The  5Z  cupro-nickel  alloy  is  prone  to  impingement  corrosion  where  flow 
velocities  exceed  about  2  m/sec  and  the  superior  resistance  of  the  10Z  and  30Z  nickel  alloys 
has  been  demonstrated  in  service  by  the  rare  instances  of  failure  since  their  introduction. 
However,  tests  have  shown  that  these  cupro-nickels  can  suffer  impingement  corrosion  and 
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cavitation  attack  under  adverse  hydrodynamic  conditions  produced  for  example  by  increases  in 
velocity,  the  use  of  short  radius  bends  to  conserve  space,  misalignment  of  flanges,  etc. 

To  study  these  effects  large  scale,  long  term  pipe  system  experiments  are  carried  out  at  the 
Admiralty  Materials  Laboratory  A  typical  pipe  and  components  test  system  in  shown  in 

Figure  3. 

Experiments  are  in  progress  to  determine  the  operating  limits  of  cupro-nickels  in  sea¬ 
water  systems.  Situations  under  examination  include  sharp  bends  and  branches,  pipe  bore 
misalignment  at  flanged  joints  and  the  effects  of  pressure  reducing  and  flow  control  devices, 
The  "once-through"  seawater  facility  at  Portland  Harbour (H)  is  being  used  to  study  the 
effect  of  1,  2  and  3D  bends  and'Vbranchts  on  10Z  cupro-nickel.  Sub-systems  having  bores  of 
38,  76  and  127  mn  are  being  employed  to  investigate  size  effect.  The  flow  velocity  in  these 
experiments  is  4.5  m/sec.  AML  experiments  have  shown  that  flange  joints  displaced  by  up  to 
3.2  om  produced  no  significant  attack  in  straight  pipe  runs  of  10Z  and  30Z  cupro-nickel  in 
5000  hours  at  3  m/sec.  The  behaviour  of  the  10Z  cupro-nicktl  alloy  with  2  mm  and  4  mm  mis¬ 
alignments  at  4.5  m/sec  and  two  distinct  line  pressures  is  now  being  examined.  Flange  mis¬ 
alignment  combined  with  1  and  2D  bends  is  also  being  studied  using  five  identical  38  mn 
bore  sub-systems  operating  at  3  m/sec. 

6.  Hydrodynamic  Characterisation 

A  study  of  the  turbulence  patterns  associated  with  a  pipe  bend  of  radius  1.5  times  the 
bore  was  undertaken  at  AML  following  an  experiment  in  which  impingement  corrosion  attack  to 
a  depth  equivalent  to  10Z  of  the  pipe  wall  thickness  occurred  with  10Z  cupro-nickel.  The 
bend  was  constructed  within  a  transparent  block  and  the  paths  of  plastic  visualiser  par¬ 
ticles  were  observed,  using  an  interrupted  light  source.  This  work  was  terminated  prema¬ 
turely  but  sufficient  data  were  obtained  to  conclude  that  this  technique  combined  with 
quantitative  hydrodynamic  measurements  held  considerable  promise  as  a  method  of  charac¬ 
terising  pipework  components  known  to  produce  potentially  damaging  turbulence  patterns. 
Experimental  evidence  to  date  indicates  that  data  of  this  nature  combined  with  electro¬ 
chemical  studies  are  required  if  significant  progress  is  to  be  made  in  explaining  the  com¬ 
plex  mechanisms  involved.  A  research  is  being  sponsored  in  which  the  hydrodynamic  charac¬ 
teristics  of  four  common  pipework  situations  will  be  investigated  in  a  transparent 
recirculating  loop  of  50  mn  bore (12).  Initial  work  will  be  carried  out  on  simple  orifice 
plates  having  an  area  ratio  (d2/D2)  of  0.36.  This  will  be  followed  by  the  examination  of  a 
sharp  bend  (“  -  1.0),  a  flange  connection  with  2  mm  mi  .alignment  and  a  diaphragm  control 
valve.  The  orifice  plate  was  chosen  to  develop  the  characterisation  method  because  more 
hydro-dynam: o  data  are  available  for  this  device.  Six  identical  sub-systems  have  been 
built  at  AML  similar  in  geometry  to  the  transparent  loop  and  containing  all  four  situ¬ 
ations  of  interest  so  that  the  hydrodynamic  conditions  are  reproduced  as  closely  as  pos¬ 
sible.  The  effect  of  seawater  velocities  up  to  5.5  m/sec  is  being  assessed  on  the  5Z  and 
10Z  cupro-nickel  alloy  test  sections  strategically  placed  downstream  of  the  components 
mentioned  earlier. 

7.  Electrochemical  Examination  of  the  Mechanism  of  Impingement  Attack 

(13) 

The  mechanism  of  impingement  attack  has  been  examined  using  electrochemical 

techniques.  Polarisation  curves  were  determined  for  a  model  tube  inlet  (Figure  4)  subjected 
to  various  water  flows.  The  results  showed  that  there  was  a  significant  change  in  the  open 
circuit  potential  between  the  stagnant  and  turbulent  flow  conditions.  This  change  could  be 
attributed  to  the  change  of  copper  ion  concentration,  which  would  be  significantly  higher 
under  static  conditions  than  with  flow,  and  therefore  the  metal  would  be  more  noble.  How¬ 
ever,  from  the  slopes  of  the  anodic  polarisation  curves  under  static  and  flowing  conditions 
there  is  a  change  in  gradient  by  a  factor  of  two,  indicating  that  under  impingement  con¬ 
ditions  the  metal  dissolution  process  could  be  a  single  electron  transfer  (cuprous  ion 
formed),  whereas  under  static  conditions  it  is  a  double  electron  transfer  process  (cupric 
ion  formed).  The  flow  in  the  model  test  system  was  examined  using  dye  injection  for  flow 
visualisation  and  was  found  to  be  a  very  complex  hydrodynamic  situation  which  could  not  be 
simply  represented  in  conventional  flow  equations.  In  the  practical  heat-exchanger  situ¬ 
ation,  the  actual  rate  of  impingement  attack  will  be  determined  by  the  extent  to  which  the 
active  or  anodic  site  is  polarised,  which  will  in  turn  be  dependent  on  the  area  of  the 
surrounding  cathode  comprised  of  the  water  box  and  tube  plate.  Assuming  a  typical  water 
box  potential  of  about  -0.20  V  (SCE) ,  the  anodic  current  density  required  to  polarise  the 
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model  cube  inlet  to  the  potent iel  of  -0.20  V  wee  of  a  reasonable  magnitude  to  explain  the 
rate  of  attack  experienced  in  practice.  The  anodic  current  densities  required  to  polarise 
impinged  tube  inlets  of  copper,  aluminium-brass  and  70/30  (1Z  Fe)  cupro-nickel  were  in  the 
order  expected  from  practical  experience.  Although  thia  study  was  related  to  impingement 
attack  at  heat-exchanger  tube  inlets,  the  results  are  equally  applicable  to  other  hydro- 
dynamic  conditions  in  seawater  pipe  systems,  such  as  misaligned  flanges  and  sharp  bends. 

It  is  intended  to  examine  the  onset  of  impingement  attack  in  relation  to  laminar  sub¬ 
layer  thickness;  in  these  experiments,  the  laminar  sub-layer  thickness  for  water  flow  over 
a  test  electrode  inserted  in  uniform  flow  conditions  is  determined  by  the  bulk  velocity,  the 
wall  friction  factor  and  viscosity.  The  rates  of  impingement  attack  will  be  determined  using 
a  zero  resistance  ansneter  connected  between  the  test  electrode  subjected  to  high  flow  and  a 
surrounding  auxiliary  electrode,  not  subjected  to  flow. 

8.  Corrosion/Erosion  Resistance  of  Complex  Copper  Alloys 

New  materials  are  currently  being  developed  to  overcome  problems  in  casting  pump  and 
valve  bodies  and  to  produce  alloys  with  good  mechanical  properties  combined  with  corrosion 
resistance.  As  part  of  the  overall  programme  an  assessment  was  required  of  the  performance 
of  high  strength  cupro-nickels  and  bronzes  in  the  "as  cast"  condition  and  with  simulated 
weld  repair  against  seawater  at  varying  levels  of  turbulence.  This  was  accomplished  by 
casting  the  materials  of  interest  into  pipes  of  64  mm  and  76  mm  bore  and  600  mm  in  length. 

The  pipes,  in  the  "as  cast"  condition  were  cut  100  ran  and  410  mm  from  one  end  and  butt 
welded  together  again  with  full  penetration  welds.  The  pipes  were  then  bored  out  to  the 
machined  finish  necessary  for  the  observation  of  corrosion/erosion  effects.  Using  a  con¬ 
strictive  orifice  plate  (area  ratio  -  0.36)  at  the  upstream  (datum)  end,  the  two  welds 
were  placed  strategically  in  two  distinct  zones  of  turbulence.  At  the  nominal  bulk 
velocity  of  4.6  m/sec  the  first  weld  and  the  adjacent  heat-affected  area  were  subjected  to  a 
high  speed  (15  m/sec)  stream  of  mildly  cavitating  seawater,  whilst  the  second  experienced  a 
decreasing  velocity  gradient  as  the  flow  returned  to  the  bulk  velocity.  The  results  of  the 
5000  hour  duration  test  showed  that  measurable  wastage  attack  was  produced  on  a  cupro-nickel 
containing  17Z  Ni,  5Z  ffa,  2Z  Al,  0. 8Z  Fe,  and  a  high  strength  30Z  Ni  alloy  containing  1.2Z 
Nb  +  Ta,  0. 3Z  Si.  Silicon-aluminium-bronze  (6Z  Al,  2Z  Si),  and  nickel-aluminiimu-bronze 
(BS1400  AB2)  also  suffered  this  type  of  attack  in  addition  to  the  30Z  Ni  alloy  used  as  a 
control.  Under  the  conditions  of  this  test  the  cupro-nickel  had  greater  resistance  than 
the  silicon-alixninium-bronze  but  less  than  the  nickel-aluminium-bronze.  The  welded  areas 
were  not  significantly  attacked  with  the  exception  of  those  in  the  high  strength  cupro¬ 
nickel  in  which  isolated  pitted  regions  were  visible. 

In  order  to  assess  the  cavitation  resistance  of  these  alloys,  25.4  mm  diameter  bars  were 
subjected  to  100  hours  exposure  in  the  AML  cavitation  daaiage  tunnel.  This  is  a  Venturi  type 
flow  teat  where  the  specimen  is  centrally  located  at  the  minimum  cross  section  where  the 
water  flow  reaches  35  m/sec  and  cavitation  damage  occurs  on  the  downstream  face.  This  is  a 
more  severe  cavitating  condition  than  the  test  described  previously  in  that  corrosion  has 
little  influence  on  the  weight  loss  and  damage  is  entirely  as  a  result  of  mechanical  forces. 
The  reaults  of  thia  experiment  showed  that  the  cupro-nickels  were  less  resistant  than  the 
bronzea  aa  might  be  expected  and  the  latter  were  comparable  in  their  resistance.  This 
result  confirms  earlier  cavitation  work  on  these  alloys(U). 

9.  Corrosion  Monitoring  and  NDT  of  Heat-Exchanger  Tubes 

At  present  the  occurrence  of  impingement  attack  is  rather  unpredictable  and  the  pos¬ 
sibility  of  detecting  its  occurrence  as  it  occurs  in  seawater  systems  is  being  investigated. 
One  possible  technique  being  explored  is  the  use  of  Hall  probes,  which  are  semi-conductor 
devices,  which  give  an  output  voltage  when  placed  in  a  magnetic  field.  If  sufficient  sen¬ 
sitivity  can  be  achieved  for  a  portable  instrument,  such  devices  could  be  used  to  detect  the 
anode  to  cathode  current  flowing  in  the  metallic  path  of  the  electrochemical  cell  between 
the  isipingement  site  anode  and  surrounding  cathode.  The  order  of  field  strength  required 
to  be  detected  is  10”4  gauss,  which  will  require  effective  screening  of  the  probe  to  elimi¬ 
nate  stray  magnetic  fields.  With  simulated  cells  and  a  coranercial  gauss  meter,  and  utili¬ 
sing  the  Hall  probes,  as  would  be  expected  the  field  strength  fells  off  inversely  as  the 
distance  squared  from  tb  •  surface  of  the  pipe, and  the  field  decreases  proportionally  to  the 
distance  from  the  anodt  te. 
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Failure*  of  aluminium  brata  heat-exchanger  tube  and  pipe  eyatema  caused  by  aulphide 
pollution  due  to  fitting  out  new  construction  ahip*  in  polluted  estuarine  water*,  have  been 
overcome  by  intermittent  injection  of  an  inhibitor,  aodium  dimethyldithiocarbamate  (SDO).into 
the  aeawater  ayatem.  Difficulties  in  regulating  the  frequency  of  inhibitor  injection  to 
avoid  exceaaive  over  treatment  were  overcome  uaing  polarisation  resistance  measurement*. 

For  this  purpoae,  a  corroaion  meter  (Figure  5),  operating  on  an  alternating  current  low 
frequency  (10  Hz)  square  wave  signal  technique,  has  been  developed'*''  .  Electrode  probe* 
are  positioned  at  representative  positions  in  the  seawater  system  and  the  corrosion  rate 
ia  determined  daily.  When  the  inhibitor  film  begins  to  break  down,  an  increase  in  corrosion 
rate  is  observed  and  the  system  is  redosed  with  inhibitor.  The  corrosion  meter  can  also  be 
employed  for  assessing  the  "corrosivity"  of  particular  aqueous  environments  to  individual 
alloys  by  making  the  test  electrode  of  the  material  for  which  corrosion  rate  data  are 
required. 

A  conventional  steam  turbine  warship  would  have  two  main  condensers  and  some  30-40 
auxiliary  heat-exchangera .  Once  a  failure  of  a  heat-exchanger  tube  in  the  stack  has  occurred 
tha  NOT  requirement  is  essentially  to  determine  which  tubes  are  likely  to  fail  before  the 
next  refit,  so  that  the  offending  tubes  can  be  plugged  and  the  required  life  obtained  without 
further  attention.  Most  heat-exchanger  failures  are  attributed  to  impingement  attack  at  the 
tube  inlets  which  can  be  detected  visually.  However,  other  failures  due  to  impingement  do 
occur  along  the  length  of  the  tube  caused  by  partial  blockage  with  either  foreign  matter  or 
marine  biological  fouling.  For  instances  such  as  this  and  attack  due  to  steam  impingement, 
or  hot  spot  corrosion,  there  is  a  requirement  for  a  simple  eddy  current  instrument  to  deter¬ 
mine  the  location  and  extent  of  attack.  Commercial  instruments  for  this  purpose  are  avail¬ 
able,  but  they  are  sophisticated  electronic  instruments  which  require  very  specialised  use 
and  extensive  training  of  operators.  To  overcome  this  problem  a  simple  portable  instrument 
operating  on  conventional  eddy  current  techniques  has  been  developed.  The  eddy  current 
inspection  of  heat-exchanger  tubes  is  carried  out  by  passing  a  sensing  probe  along  the 
length  of  the  tube.  For  simple  one-man  operation  the  probe  cable  is  threaded  through  a 
length  of  nylon  tubing  reinforcement  rigidly  fixed  to  the  probe  so  that  the  probe  can  be 
readily  moved  in  and  out  of  the  tube.  The  probe  containing  two  coils  is  fed  with  at  AC 
current  signal  which  induces  eddy  currents  in  the  tube  wall.  At  a  defect  the  eddy  current 
field  is  disturbed,  putting  an  AC  bridge  containing  the  two  probe  coils  out  of  balance. 

This  out  of  balance  signal  is  then  amplified  for  display  on  a  meter  or  lamp  read-out  system. 
The  depth  of  eddy  current  penetration  of  the  tube  wall  is  determined  by  the  frequency  of 
the  signal  fed  into  the  probe.  In  order  to  avoid  detecting  baffles  and  support  plates  an 
operating  frequency  of  1  MHz  is  required  for  aluminium-brass  and  cupro-nickel  tubes.  Con¬ 
sequently,  the  sensitivity  to  steam  impingement  attack  which  occurs  on  the  external  surface 
of  the  tube  is  considerably  reduced.  A  prototype  instrument  is  shown  in  Figure  6.  The 
electronic  circuitry  has  been  reduced  to  the  minimum,,  using  integrated  circuit  techniques, 
and  it  it  powered  by  dry  cells,  giving  a  total  instrument  weight  of  3.3  kg. 

10.  Concluding  Remarks 

Within  the  scope  of  this  paper  it  hat  been  possible  to  present  only  a  cursory  account 
of  certain  aspects  of  the  broadly  based  and  on-going  programme  of  marine  corrosion  studies 
in  the  United  Kingdom  Ministry  of  Defence  of  which  those  relating  to  copper  base  alloys 
form  an  important  element.  The  objective  of  achieving  reliability  in  service  and  reducing 
through  life  costing  is  a  challenging  one  which  is  gradually  being  attained.  The  appli¬ 
cation  of  the  complementary  approaches  of  basic  electrochemistry  and  technological  research 
has  been  found  eminently  suitable  for  the  solution  of  short  term  service  problems  and  for 
longer  term  research  leading  to  improved  materials  and  also  more  informed  and  effective 
application  of  existing  and  new  materials  in  service. 
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Fracture  test 
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Figure  4.  Model  heat-exchanger  tube  inlet  for  electrochemical  studies. 
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Dezincification  of  brass  is  a  type  of  corrosion  which  occurs  in  chloride 
containing  soft  water  supply  and  also  sea  water,  especially  when  the  waters 
are  hot.  The  dissolved  zinc  leaves  a  porous  copper  sponge  with  no  strength, 
causing  breaks  and  leakage  in  the  attacked  brass  part.  In  brass  alloys 
used  for  sheet,  tube  and  wire  this  process  can  be  prevented  by  the  addition 
of  arsenic  to  the  alloy,  but  in  brasses  used  for  hot-stamping  and  free- 
machining  it  has  been  impossible  to  prevent  this  type  of  corrosion,  because 
they  contain  a  structural  element,  beta  crystal,  which  cannot  be  inhibited, 
as  can  the  alpha  crystal,  which  is  the  main  structural  element  in  the 
ductile  brasses  for  sheet,  tube  and  wire. 

Many  attempts  have  been  made  to  improve  the  resistance  to  dezincification 
of  the  beta-containing  brasses  by  the  addition  of  alloying  elements  such 
as  aluminum,  silicon,  manganese  and  tin,  but  the  results  are  generally 
unsatisfactory  with  regard  to  resistance  to  dezincification,  when  good  hot- 
stamping  or  free-cutting  properties  still  arr  required. 

The  ENKOTAL  principle  is  firstly  to  use  a  leaded  brass  of  ordinary 
purity  with  a  copper  content  slightly  above  that  which  is  used  in  ordinary 
hot-stamping  and  free-cutting  brasses.  The  copper  content  is  kept  within 
narrow  limits,  so  that  when  the  alloy  is  heated  to  the  hot-stamping  or 
extrusion  temperature  it  contains  adequate  beta  in  the  structure  to  make 
the  hot  material  sufficiently  ductile  for  the  hot-stamping  or  extrusion 
operation.  When  cooled  however  some  beta  will  still  be  left,  which  might 
corrode  and  make  parts  useless  through  dezincification. 

Therefore,  the  second  principle  of  ENKOTAL  is  to  re-heat  the  extruded 
or  hot-stamped  part  to  a  temperature  lower  than  the  hot-stamping  or 
extrusion  temperature,  and  keep  it  there  for  a  sufficient  length  of  time 
to  break  up  the  connection  between  the  beta  crystals  in  the  structure 
rendering  the  remaining  metal  a  homogeneous,  continuous  alpha  structure, 
which,  by  its  inhibition  by  arsenic,  is  resistant  to  dezincification.  This 
heat* treatment  has  to  be  carried  out  in  a  rather  narrow  temperature  and 
time  interval. 

The  Properties  of  ENKOTAL 

ENKOTAL  is  easy  to  hot-stamp  into  ordinary  valve  bodies,  and  the  free- 
machining  properties  are  good.  The  alloy  is  well  suited  for  soft  soldering, 
brazing  and  all  common  methods  of  surface-treatment  such  as  plating, 
colouring,  etc. 


•ENKOTAL  is  a  registered  trademark  of  A/S  NKT. 
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Heat-treated  ENKOTAL  has  far  greater  resistance  to  dezincification. 
The  sane  alloy  without  heat-treatment,  is  equal  to  all  the  many  complex- 
brass  alloys  which  have  appeared  during  the  last  few  years.  ENKOTAL  has 
been  tested  by  a  method  published  by  the  Swedish  Authority,  Planverket. 

It  has  been  exposed  to  a  very  aggressive  water  supply  used  by  the  British 
Non-Ferrous  Hetals  Research  Association  in  their  test  procedure,  and  by  a 
potentiostatic  test  developed  by  the  Danish  Corrosion  Centre. 


Swedish  test 

Danish  test 

(metallographic 

examination) 

( potentiostatic 
dissolution) 

(metallographic 

examination) 

Depth  of  pene¬ 
tration 

Z  value  * 

Depth  of  pene¬ 
tration 

ENKOTAL  without 
heat-treatment 

0 ,60  -  2,50  mm 

1.4  -  1.8 

0 ,40  -  2,20  mm 

ENKOTAL  properly 
heat-treated 

0,02  -  0,20  mm 

1.0 

Nil 

*  2  >  1.0:  Dezincification.  Z  <  1.0:  No  dezincification. 


ENKOTAL  has  been  developed  during  the  last  five-six  years  as  NKT's 
answer  to  an  increasing  demand  in  Europe  for  a  non-dezincif iable  brass 
perfect  for  hot-stamping  and  free -machining. 

Patent  protection  for  the  ENKOTAL  principle  is  pending  in  several 
countries. 


Fig.  1.  Structure  of 
ENKOTAL  before  heat 
treatment.  Note 
stringers  of  8-crystals 
in  the  direction 
of  extrusion. 


Fig.  2.  Properly  heat 
treated  ENKOTAL.  8-crystals 
have  been  transformed  to 
a-crystals . 
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CONDEMSER  TUBE  TEST  APPARATUS  INCORPORATING 
IMPINGEMQJT ,  CREVICE  AND  HEAT  TRANSFER  CONDITIONS 


Hector  S.  Campbell 

The  British  Non-Ferrous  Metals  Research  Association 
Euston  Street,  London,  NW1  2EU,  England 

An  apparatus  is  described  for  testing  ten  200  mm  lengths  of 
condenser  tube  under  conditions  that  include  impingement,  heat 
transfer,  and  crevices  to  stimulate  shielded  area  attack.  Details 
are  given  of  the  construction  and  operation  of  the  apparatus  and 
examples  of  its  use.  The  apparatus  is  cheap  to  construct  and  easy 
to  use.  It  can  be  installed  on  site  to  assist  the  selection  of 
heat-exchanger  tube  materials,  or  to  monitor  seasonal  changes  in 
corrosivity  of  the  cooling  water.  The  information  that  it  yields 
is  much  more  comprehensive  than  is  provided  by  any  other  existing 
apparatus  for  corrosion  tests  on  condenser  tubes  and  it  is  therefore 
particularly  suitable  also  for  assessing  new  materials  or  effects 
of  surface  condition  arising  from  changes  in  methods  of  manufacture. 

Key  Words:  Corrosion  testing;  condenser  tubes;  Impingement; 

heat  transfer;  crevice  corrosion;  material  selection. 


1.  Introduction 

The  method  most  commonly  used  for  testing  condenser  tube  materials  is  the  May  Jet 
impingement  test  (l)1  in  which  small  strips,  cut  from  the  condenser  tubes  and  abraded  to  a 
standard  surface  finish,  are  Immersed  in  sea  water  and  subjected  to  the  effect  of  an 
underwater  jet  of  sea  water  with  air-bubbles  in  it.  This  is  a  good  test  for  resistance 
to  impingement  attack  and  gives  some  incidental  information  on  resistance  to  shielded 
area  attack  since  ill-defined  crevices  exist  between  the  specimen  and  the  specimen  holder. 
Ref  istance  to  Impingement  attack  is  also  commonly  assessed  by  the  Brownsdon  and  Bannister 
test  (2)  in  which  a  stream  of  air-bubbles  is  directed  onto  the  surface  of  the  test  samples 
immersed  In  sea  water  or  sodium  chloride  solution.  Special  tests  for  resistance  to 
corrosion  under  localized  heat  transfer  conditions  (hot-spot  corrosion  tests)  have  been 
described  -  for  example  by  Breckon  and  Gilbert  (3)  and  by  Bern  and  Campbell  (4)  -  but 
temperature  effects  are  usually  ignored  when  comparing  condenser  tube  materials. 

To  make  valid  comparisons  between  different  condenser  tube  materials  a  test  apparatus 
is  required  that  will  include  all  the  principal  corrosion  hazards  likely  to  be  met  by 
tubes  in  actual  service:-  impingement  conditions,  slow  moving  water  conditions,  heat 
transfer  conditions  and  shielded  area  conditions.  It  is  also  important  that  it  should 
use  test  pieces  with  the  original  "as  manufactured"  internal  surface  of  the  condenser  tube 
intact.  Breckon  and  Baines  (5)  have  drawn  attention  to  the  deleterious  effect  of  carbon 
films  produced  in  heat  exchanger  tubes  during  manufacture  and  it  is  probable  that  other 
differences  in  surface  condition  may  also  effect  corrosion  resistance.  Tubes  may  be 
supplied  with  the  surface  as-drawn  and  stress-relief  annealed,  pickled,  abrasively  cleaned 
or  deliberately  oxidized  and  it  is  desirable,  therefore,  to  test  them  in  the  condition  in 

figures  in  parentheses  indicate  the  literature  references  at  the  end  of  this  paper. 
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which  they  are  supplied  and  will  be  used  in  practice.  An  apparatus  meeting  these  require¬ 
ments  has  been  constructed  and  its  value  proved  in  tests  with  a  variety  of  condenser  tube 
materials  during  the  past  two  to  three  years.  Details  of  the  apparatus,  its  method  of 
use  and  some  examples  of  results  obtained  with  it  are  given  below. 

2.  Description  of  apparatus 

The  general  arrangement  of  the  apparatus  is  shown  in  Figure  1.  It  accommodates  ten 
vertical  200  mm  lengths  of  condenser  tube  spaced  equally  round  a  125  mm  diameter  circle. 
Water  enters  the  bottom  of  each  tube  through  an  inlet  nozzle  (Part  No.  6  in  Figure  l) 
which  fits  inside  the  tube  and  also  locates  it.  The  nozzle  has^a  5  mm  diameter  blind  hole 
up  the  centre  connecting  with  a  2.4  ran  diameter  hole,  set  at  45  to  the  vertical,  through 
which  the  water  emerges  at  a  velocity  of  10  metres  per  second  to  impinge  on  the  wall  of 
the  tube.  The  water  then  rises  up  through  the  tube  at  a  mean  velocity  of  0.1  metres  per 
second  (in  a  1"  or  22/24  mm  condenser  tube)  and  leaves  through  an  outlet  nozzle  (Part  No.  1) 
fitted  into  the  top  end  of  the  tube.  Half  the  length  of  each  nozzle  has  a  2°  taper  on  the 
outside  to  provide  a  reproducible  annular  crevice  between  it  and  the  inside  of  the  con¬ 
denser  tube.  Neoprene  'O'  rings  (Part  No.  3)  provide  seals  between  the  tube  and  the  top 
and  bottom  nozzles  and  the  tube3  are  held  in  place  by  a  common  clamping  plate  (Part  No.  2) 
at  the  top.  The  ten  inlet  nozzles  are  fed  with  water  through  a  distributor  (Part  Nos.  7, 

8,  15)  of  the  design  used  in  the  May  jet  impingement  apparatus,  which  ensures  equal 
distribution  of  water  between  them.  The  distributor  and  nozzles  are  all  of  non-metallic 
materials.  The  part  of  each  test  piece  between  40  and  65  ran  from  the  top  is  fine-machined 
externally  to  fit  a  semi-circular  notch  in  a  15  mm  thick  brass  heater  block  (Part  No.  4)  - 
the  tubes  being  held  in  contact  with  the  block  by  a  circumferential  clip  (not  shown)  to 
ensure  efficient  and  equal  heat  transfer  between  the  block  and  each  tube.  The  diameter  of 
the  inlet  and  outlet  nozzles  and  that  of  the  semi-circular  notches  in  the  heater  block  are 
made  to  suit  the  size  of  condenser  tube  to  be  tested. 

The  heater  block  originally  designed  was  fitted  with  electric  heating  elements  on 
each  side  of  it,  but  this  quickly  failed  in  the  environment  of  continuous  wet  spray  of  the 
position  in  Asnaesvaerket  power  station  in  Denmark  where  the  apparatus  was  installed  and 
it  was  replaced  by  a  steam  heated  block  designed  by  the  power  station  staff.  The  dete* led 
construction  of  the  heater  block  is  shown  in  Figure  2.  A  1.5  mm  diameter  vertical  hole 
for  a  thermocouple  was  drilled  in  the  block  very  close  to  the  contact  surface  with  one  of 
the  test  tubes  and  the  rate  of  passage  of  steam  through  the  heater  block  was  adjusted  to 
give  a  temperature  of  95°C  at  the  thermocouple  with  the  apparatus  running.  This  arrange¬ 
ment  worked  well  for  about  the  first  year  of  operation  of  the  apparatus  but  after  that 
time  the  particularly  corrosive  environment  in  which  it  was  situated  produced  sufficient 
corrosion  of  the  heat  transfer  surfaces  of  the  notches  in  the  heater  block  for  significant 
differences  of  heat  transfer  conditions  to  develop  between  one  tube  and  another.  In  later 
versions  of  the  apparatus,  installed  at  ityndbyvaerket  power  station,  the  heater  block  was 
replaced  by  separate  short  heating  jackets  for  each  tube.  The  construction  of  the  heating 
jac*:eL  ?•»  shown  in  Figure  3.  The  *0'  ring  seals  permit  the  jacket  to  be  slipped  over  the 
tube.  Oil,  from  a  steam-heated  heat  exchanger,  is  circulated  through  the  ten  heating 
jackets  in  parallel,  the  outlet  from  each  being  fitted  with  a  thermocouple  and  the  inlet 
with  an  oil  regulating  valve  which  is  adjusted  to  give  an  oil  outlet  temperature  of  95°C. 
This  heating  arrangement,  which  was  designed  by  the  Danish  power  station  staff,  not  only 
eliminated  the  corrosion  effects  that  had  been  experienced  with  the  heater  block  but  also 
eliminated  the  necessity  to  machine  part  of  the  outside  of  the  tubes. 

The  test  rigs  arc  run  on  a  once-through  system  -  the  inlet  being  connected  to  the 
power  station  cooling  water  system  and  the  outlet  running  to  waste.  A  modification 
introduced  into  the  later  versions  of  the  apparatus  was  to  connect  the  tubes  from  the 
outlet  nozzles  to  short  lengths  of  metal  pipe  welded  through  the  base  of  a  cylindrical 
vessel  with  an  outlet  to  waste  at  its  centre.  This  makes  it  easy  to  check  quickly  that 
all  ten  test  tubes  are  receiving  their  proper  share  of  the  incoming  water  by  seeing  that 
the  height  of  the  "fountain"  at  the  top  of  each  of  the  vertical  outlet  tubes  is  the  same. 
Any  blockage  of  the  inlet  nozzles  can  thus  quickly  be  detected  and  rectified.  This 
modification  was  introduced  by  the  staff  of  Kyndbyvaerket  power  station. 
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3.  Method  of  use 


The  200  mm  lengths  of  condenser  tube  forming  the  test  pieces  are  cut  off  and  the  ends 
machined  square  with  the  axis  of  the  tube)  the  lengths  of  all  the  test  pieces  must  be  the 
same  within  -  0.1  mm.  If  the  apparatus  is  the  type  with  a  heater  block,  a  25  mm  length  of 
the  outside  surface  of  the  tube  must  be  machined  to  fit  the  notches  in  the  block  -  the 
dimensional  tolerances  being  +0.00,  -0,05  mm;  if  oil-filled  heating  jackets  are  being  used 
this  step  is  omitted.  The  samples  are  washed  with  acetone  to  remove  any  oily  deposits  but 
are  not  cleaned  up  in  any  other  way.  The  apparatus  is  assembled  and  the  rate  of  flow  of 
water  through  it  is  adjusted  to  25  litres  per  minute  (total).  The  temperature  of  the 
heater  block  or  the  oil  in  the  heating  jackets  is  adjusted  to  95°C  and  the  apparatus  is 
then  left  to  run;  the  only  attention  that  it  requires  is  an  occasional  check  that  the  water 
is  flowing  freely  from  all  of  the  ten  outlets  and  that  the  oil  or  heater  block  temperature 
is  correct. 

On  the  first  two  or  three  tests  for  which  the  apparatus  was  used  the  samples  were 
taken  off  and  cut  up  for  examination  after  4  weeks  but  it  is  generally  bettor  to  run  the 
test  for  8  weeks.  This  gives  more  opportunity  for  the  protective  or  partially  protective 
films,  that  develop  initially  on  the  interior  surface  of  the  tubes,  to  thicken  and  blister 
if  this  is  likely  to  occur  in  service  with  the  particular  combination  of  tube  material  and 
water  concerned.  For  materials,  such  as  titanium,  which  show  a  very  high  degree  of 
resistance  to  corrosion  the  test  can  be  run  for  longer  periods. 

At  the  end  of  the  test  period  the  tubes  are  cut  open  longitudinally  for  detailed 
examination.  It  is  convenient  when  examining  tubes  from  a  test  rig  with  a  heater  block  to 
cut  the  tubes  through  first  at  their  mid-point  before  slitting  the  two  halves;  this  makes 
it  easier  to  ensure  that  the  cut  does  not  run  through  the  impingement  area  immediately 
opposite  the  incoming  water  jet  nor  through  the  heat  transfer  area  that  was  in  contact 
with  the  heater  block.  When  examining  tubes  from  a  rig  with  oil-filled  heating  chambers 
the  heat  transfer  area  extends  right  round  the  tube  and  only  the  impingement  area  has  to  be 
avoided  in  slitting  the  tube  for  examination;  there  is  therefore  no  need  to  cut  it  into  two 
halves  first. 

A  preliminary  examination  of  the  test  pieces  is  made  after  slitting,  with  any  deposits, 
etc.  in  situ,  and  the  half-sections  of  tube  then  washed  with  water  to  remove  loose  deposits 
before  more  detailed  examination.  For  recording  the  results  four  different  areas  are  con¬ 
sidered:-  (a)  the  impingement  area  opposite  the  Jet  in  the  entry  nozzle,  where  water 
velocity  and  turbulence  are  highest  during  the  test;  (b)  the  slow-moving  cold  water  area 
extending  from  the  impingement  area  up  to  the  region  where  heat  transfer  occurs;  (c)  the 
heated  area,  including  the  heat  transfer  area  itself  and  the  warm  water  area  above  it; 

(d)  the  cold-water  and  hot-water  crevices  formed  by  the  inlet  and  outlet  nozzles. 

Assessment  after  washing  off  loose  deposits  is  visual,  using  a  low-power  binocular 
microscope  and  looking  particularly  for  impingement  attack,  pitting,  and  blistering  or 
flaking  of  the  corrosion  product  film.  The  tubes  are  next  cleaned  with  cold  10)8  sulphuric 
acid  and  the  depth  of  any  impingement  attack,  pitting  or  other  localized  corrosion  is 
recorded  according  to  the  area  on  the  specimen  on  which  it  occurs. 

4.  Examples  of  use  of  the  apparatus 

The  apparatus  has  been  used  for  three  purposes.  The  first  is  the  selection  of 
materials  for  condenser  tubes  to  replace  those  in  an  existing  condenser  that  have  given 
unsatisfactory  service,  or  for  new  condensers  that  are  to  be  installed  in  the  future.  For 
these  tests  duplicate  samples  of  five  different  materials,  or  materials  with  the  same 
nominal  composition  but  manufactured  by  different  firms  and  with  different  internal  surface 
conditions,  have  been  tested  in  each  run.  The  reproducibility  of  the  results  for  the 
duplicate  samples  in  any  one  run  has  been  remarkably  good.  The  materials  on  test  have 
varied  from  run  to  run,  though  one  or  two  standard  materials  have  been  included  in  every 
run  as  controls. 

The  second  use  made  of  the  apparatus  is  to  monitor  changes  in  the  corrosive 
characteristics  of  the  cooling  water  at  one  site  throughout  the  year.  For  such  tests  only 
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results  for  standard  condenser  tube  materials  are  required  and  the  same  materials  must 
obviously  be  included  in  every  run.  In  practice  it  has  proved  possible  to  derive 
information  on  changes  in  the  corrosive  nature  of  the  cooling  water  from  examination  of 
the  control  samples  of  standard  alloys  included  in  the  runs  made  to  compare  different 
condenser  tube  materials.  Where  there  are  known  to  be,  or  are  likely  tr  be,  seasonal 
changes  in  the  character  of  the  cooling  water,  comparisons  should  always  be  made  at 
different  times  of  the  year  since  the  materials  that  appear  best  in  tests  in  winter  when 
the  water  is  cleanest  may  not  be  the  best  in  tests  under  polluted  conditions  in  summer. 

The  third  use  made  of  the  apparatus  is  to  assess  the  probable  performance  in  service 
of  new  condenser  tube  materials.  Tests  are  now  in  progress  in  which  samples  of  tube  of 
the  306  Ni,  and  18/6  Ni,  cupro-nickels  containing  0.46  chromium  (IN  848  and  IN  837)  recently 
developed  by  International  Nickel  Company,  are  being  compared  with  standard  70/30  cupro¬ 
nickel,  70/30  cupro-nickel  with  2%  iron  and  standard  90/l0  cupro-nickel. 

5.  Some  results  from  the  now  apparatus 

The  first  test  rig  to  be  constructed  was  installed  in  a  power  station  in  Denmark 
where  the  cooling  water  was  somewhat  unusual  -  it  is  taken  from  a  fjord  at  the  end  furthest 
from  the  open  sea  and  has  a  salinity  approximately  half  that  of  normal  sea  water.  Traces 
of  ammonia  (0.7  ppm  with  peak  values  of  2-3  ppm)  are  commonly  present  in  the  water  although 
the  source  of  this  contamination  is  not  known.  90/10  cupro-nickel  tubes  installed  in 
condensers  at  this  station  have  failed  rapidly  as  a  result  of  general  corrosion  accompanied 
by  redeposition  of  large  amounts  of  copper  -  the  copper  redeposition  being  extremely 
unusual  in  that  it  was  not  restricted  to  hot-spots  or  even  to  the  hottest  sections  of  the 
condenser.  In  experiments  at  the  station  with  the  new  type  of  test  rig  90/10  cupro-nickel 
has  usually  suffered  rather  widespread  impingement  attack  in  the  impingement  area  to  a 
depth  of  0.1  to  0.2  mm  in  8  week3  and  has  developed  a  modorately  adherent  protective  film 
on  the  slow-moving  cold  water  area.  In  the  heat  transfer  area,  however,  and  in  the  warm 
water  area  above  it,  the  film  has  been  loose  and  ncn-protective  with  widespread  shallow 
general  corrosion  beneath  it  and  frequently  some  copper  redeposition.  Redeposition  of 
copper  in  the  heat  transfer  area  in  hot-spot  corrosion  tests  is  well  known  and  not 
surprising,  but  in  these  tests  it  occurred  also  on  the  cooler  (warm  water)  area  between 
the  heat  transfer  area  and  the  top  outlet.  Copper  redeposition  was  also  associated  with 
general  attack  in  the  warm  water  crevice  formed  between  the  tube  and  the  outlet  nozzle. 

70/30  cupro-nickel  in  the  station  has  behaved  much  better  than  90/10  but  not  so  well 
as  aluminium  brass.  The  condenser  tubed  with  aluminium  brass  was,  however,  in  service  for 
some  time  before  the  pollution  of  water  >.-Uh  ammonia  commenced  and  it  was  possible  that 
the  material  owed  its  good  performance  to  protective  films  developed  during  its  early  days 
of  service.  In  the  experiments  with  the  new  test  rig,  aluminium  brass  and  70/30  cupro¬ 
nickel  generally  suffered  Impingement  attack  to  about  the  same  depth  as  the  90/10  cupro¬ 
nickel  and  developed  adherent  protective  films  in  the  slow-moving  cold  water  area.  In 
some  runs,  in  which  the  water  was  somewhat  more  corrosive  than  usual,  the  70/30  cupro¬ 
nickel  suffered  slight  attack  beneath  small  blisters  in  the  film  in  this  area.  In  all  the 
tests,  however,  it  developed  only  a  semi -adherent  film  in  the  warm  water  area,  with  slight 
etching  and  copper  redeposition  occurring  beneath  it  and  especially  in  the  warm  water 
crevice.  In  the  tests  with  tho  more  corrosive  water  localized  pitting  with  copper 
redeposition  occurred  in  the  heat  transfer  area.  Aluminium  brass  consistently  developed 
a  more  protective  film  than  cupro-nickel  in  the  heat  transfer  and  warm  water  areas.  The 
film  was  not  fully  adherent  but  did  not  blister  and  only  slight  etching  of  the  underlying 
metal  occurred;  no  redeposition  of  copper  occurred  on  aluminium  brass  either  in  the  heat 
transfer  area  or  in  the  warm  water  crevice. 

Materials  included  in  the  experiments  with  the  test  rig  but  not  previously  used  in 
condensers  at  the  station  included  Cu-306  Ni-26  Fe-2%  Mn  (Yorcoron) ;  Fe-186  Cr-106 
NI-Mo-Ti  (SSH  2);  Fe-18*  Cr-126  Ni-Mo-low  carbon  (SSH  3);  Cu-86  Sn-1$  A1  (AP  Bronze)  and 
commercial  purity  titanium. 

Yorcoron  proved  significantly  more  resistant  to  impingement  attack  than  the  other 
cupro-nickels  tested  and  formed  a  protective  film  in  the  slow-moving  cold  water  area. 
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The  film  formed  at  the  heat  transfer  and  warm  water  area  was  less  protective;  attack  in 
these  regions  was  greater  than  on  aluminium  brass  but  still  only  slight  and  the  Yorcoron 
showed  less  tendency  them  70/30  cupro-nickel  to  copper  redeposition.  Its  tendency  to 
crevice  corrosion  was  similar  to  70/30  cupro-nickel  and  slightly  less  than  for  aluminium 
brass. 

The  stainless  steels  -  SSH  2  and  SSH  3  -  suffered  no  Impingement  attack  or  attack  in 
the  slow-moving  cold  water  area  but  proved  liable  to  pitting  in  the  heat  transfer  area  and 
in  the  crevices.  The  pits  in  SSH  2  were  of  minute  cross-section  and  consequently  difficult 
to  measure  but  appeared  to  be  deep.  The  pits  in  SSH  3  were  somewhat  broader  and  shallower 
but,  since  only  a  few  tests  were  carried  out  on  these  materials,  and  no  one  test  included 
both,  it  would  be  unwise  to  make  any  generalization  about  their  relative  resistance  to 
pitting.  AP  Bronze,  which  is  an  alloy  developed  particularly  for  service  with  polluted 
cooling  Mters,  showed  a  very  high  degree  of  resistance  to  impingement  attack,  developing 
a  dark  and  highly  protective  film  in  the  Impingement  area.  It  showed,  however,  very  high 
susceptibility  to  pitting  in  the  crevices  and  in  the  heat  transfer  area.  In  some  tests  it 
formed  an  adherent  protective  film  in  the  slow-moving  cold  water  area  but  in  others  this 
part  of  the  specimen  developed  extensive  shallow  pitting  corrosion.  The  titanium  samples 
tested  included  solid-drawn  and  seam-welded  tube  neither  of  which  showed  any  corrosion 
whatever  in  8  weeks. 


o.  Discussion 

The  results  of  the  tests  summarised  above  accord  well  with  practical  experience  of 
the  relative  suitability  of  aluminium  brass,  70/30  cupro-nickel  and  90/10  cupro-nickel  for 
condenser  tubes  in  the  station  where  the  tests  were  conducted.  They  also  give  much  more 
information  about  the  probable  relative  performance  of  other  alloys  than  could  be  obtained 
from  a  jet  impingement  test  or  any  other  existing  condenser  tube  corrosion  test.  They 
indicate,  for  example,  that  Yorcoron  would  probably  be  a  suitable  condenser  tube  material 
for  the  station  concerned  but  that  AP  Bronze,  in  spite  of  its  resistance  to  impingement 
attack,  would  be  totally  unsatisfactory  there  because  of  its  susceptibility  to  pitting  and 
general  corrosion.  It  also  shows  that  the  stainless  steels  tested,  whilst  having  excellent 
resistance  to  impingement  attack,  would  not  be  safe  because  of  their  liability  to  suffer 
pitting  corrosion  in  shielded  areas  and  possibly  under  heat  transfer  conditions.  Titanium, 
because  of  its  high  resistance  to  all  forms  of  corrosion,  would  probably  require  a  con¬ 
siderably  longer  test  period  for  there  to  be  any  possibility  of  its  showing  any  attack 
at  all. 


7.  Conclusions 

The  new  apparatus  is  cheap  to  construct  and  easy  to  use.  It  can  be  installed  on  site 
to  assist  the  selection  of  condenser  or  heat-exchanger  tube  materials,  or  to  monitor 
seasonal  changes  in  corrosivity  of  the  cooling  water.  The  information  that  it  yields  is 
much  more  comprehensive  than  is  provided  by  any  other  existing  apparatus  for  corrosion 
tests  on  condenser  tubes  and  it  is  tnerefore  particularly  suitable  also  for  assessing  new 
materials  or  effects  of  surface  condition  arising  from  changes  in  methods  of  manufacture. 
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SKI  ION  B-B 


Figure  2.  Steia-heated  heater  block. 


Figure  3.  Oil-heeted  heating  jacket 


Oral  Discussion 


Pourbaix ;  Je  trouve  cette  experience  tris  astucieuse  mais  je  voulais 
demander  pourquoi  on  a  mis  les  tubes  verticaux  alors  que,  dans  les  condenseurs, 
ils  sont  en  general  horizontaux.  Vous  avez  quelquefois  des  effets  de 
d£p6ts  sur  la  generatrice  inf£rieure  du  tube,  e'est-i-dire  vous  avez  un 
effet  dissymetrique  de  la  pesanteur,  alors  que  ci  me  semblait  aussi  simple 
de  les  mettre  horizontalement. 

Campbell;  The  reason  for  having  them  vertical  is  really  a  matter  of 
convenience .  If  you  have  your  tubes  horizontal  in  a  rig  like  this  it  is 
very  difficult  getting  even  water  distribution  between  them  and  it  is 
quite  essential  that  you  should  have  equal  flow  otherwise  your  heat 
transfer  conditions  are  different  on  the  tubes.  I  agree  that  in  a 
condenser  in  service  you  do  get  deposits  on  the  bottom.  What  I  hope  in 
this  is  that  the  principal  effect  of  the  deposits  is  to  produce  a  shielded 
area  and  I  have  provided  a  controlled  shielded  area  in  this  by  this  two 
degree  tape  on  the  plugs  on  the  top  and  the  bottom.  The  attack  that  I  am 
getting  in  those  regions  at  the  top  and  the  bottom  of  the  tube  does,  I 
think,  represent  the  sort  of  attack  one  would  get  on  the  deposits  in  the 
tubes. 

Pourbaix;  Have  you  made  any  potential  measurements  of  the  tubes? 

Campbell;  I  have  not  made  any  such  measurements  because  about  three  years 
ago  1  stopped  doing  any  research  work  and  I  am  doing  sort  of  consultancy 
work  now  so  I  am  more  interested  in  knowing  what  is  the  answer  to  a 
specific  problem  and  the  apparatus  was  designed  for  that,  but  there  is  no 
reason  at  all.  I  think  the  apparatus  would  lend  itself  well  to  this  sort 
of  use.  I  feel  perhaps  that  I  have  been  introducing  it  a  little  like  a 
salesman,  but  I  assure  you  that  the  designs  are  there  and  that  you  are 
free  to  make  use  of  it  and  I  hope  that  some  people  will  feel  that  at 
least  it's  a  good  basic  design.  They  may  wish  to  modify  it.  If  anybody 
wants  its  details  of  its  construction  I  shall  be  pleased  to  provide  them 
if  they  contact  me  and  also  if  anyone  uses  it  for  taking  its  stages  further, 

I  would  be  most  interested  to  hear  and  I  hope  perhaps  that  Professor 
Pourbaix  will  make  use  of  it  himself. 

Smith,  Copenhagen:  Some  years  ago  I  know  we  supplied  tubes  to  the  power 
stations  you  were  talking  about.  Have  you  tested  this  type  tube  in  your 
test  rig? 

Campbell:  No,  we  have  not. 

Smith :  I  will  entrust  you  with  some  tubes. 

Campbell:  Well,  the  position  really  is  that  the  test  rigs  are  being  run 
by  the  power  station  people,  by  the  power  company,  and  that  within  reason 
I  think  any  tubes  that  are  likely  to  be  of  use  to  them,  they  will  be 
happy  to  put  in.  There  are  two  sets  of  test  apparatus  now.  One  is  made  to 
take  the  standard  imperial  measure  tube  which  is  a  one-inch  tube  and  one 
is  made  to  take  the  metric  measure  tube  or  two  are  made  to  take  metric 
measure  tubes.  I  think  it  would  be  worth  testing  these.  I  did  not  mention 
that  we  did  also  include  in  some  of  these  tests  tubes  of  the  same  nominal 
composition  from  different  manufacturers.  We  have  had  aluminum  brass 
from  three  different  manufacturers  and  we  have  had  90-10  copper-nickel 
from  two  or  three  different  manufacturers,  I  am  not  sure  which,  and  there 
were  some  consistent  differences,  oh  very  small  ones,  between  one  manufac¬ 
turer's  and  another  in  their  performance  in  this.  These  are  differences 
I  am  sure  would  not  have  shown  up  in  an  impingement  test  or  something 
where  you  took  it  and  you  abraded  the  surface  or  you  pickled  the  surface 
or  something  before  you  started.  I  am  not  going  to  say  whose  tube  was 
better  or  worse. 
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Cotton:  Professor  Campbell,  I  would  like  to  ask  one  if  I  may,  in  fact, 

I  would  like  to  go  back  to  Professor  Pourbaix' s  comment  about  potential 
measurement  because  he  seemed  to  relate  this  to  crevice  attack  and  I 
think,  Hector,  perhaps  would  you  like  to  say  a  little  word  about  crevice 
attacking  copper-base  alloys  because  it  is  rather  different  than  crevice 
attack  in  ferrous  materials,  stainless  steel  for  example? 

Campbell :  I  think  the  thing  that  is  often  not  realized  is  how  different 
the  two situations  are  between  crevice  corrosion  in  a  ferrous  alloy  or  in 
aluminum  on  the  one  side  and  with  the  copper-base  alloy  on  the  other  side. 

The  attack  occurs  not  inside  the  crevice  as  you  would  find  if  it  were 
attacked  due  to  a  differential  aeration  cell.  The  attack  occurs  typically 
about  here  and  you  have  got  a  cathodic  region  inside.  In  fact,  you  will 
quite  often  find  copper  being  deposited  on  the  inside  there.  This  is 
because  it  is  more  in  the  nature  of  a  copper-ion  concentration  cell  and 
in  fact  it  can  go  further  and  form  a  membrane  there  and  you  get  then 
conditions  to  set  up  localized  pitting  here  quite  independent  of  the 
crevice  that  actually  set  it  up. 

Cotton:  It  really  had  quite  a  bit  of  relevance  to  what  Professor  Pourbaix 
said  because  if  you  are  going  to  measure  potentials,  where  do  you  measure 
them? 

Pourbaix:  Je  suis  bien  d' accord  avec  ce  que  vous  avez  dit.  La  seule 
chose  que  je  voudrais  dire  est  que  nous  avons  £tudi£  les  questions  de 
corrosion  caverneuse,  corrosion  par  piqQres  pour  des  laitons  k  1' aluminium, 
pour  du  cuivre,  pour  des  aciers  inoxydables  et  pour  des  aciers  galvanises. 
C'est  un  travail  que  nous  n'avons  pas  encore  public.  Je  suis  d'accord 
avec  M.  CAMPBELL  pour  dire  que,  dans  chaque  cas ,  le  m^canisme  de  la 
corrosion  caverneuse  est  different.  Mais  je  voudrais  aussi  dire  que, 
dans  chaque  cas,  les  mesures  de  potentiel  aident  Ik  la  comprehension  du 
phenomfene  et  permettent  de  trouver  des  remides.  Mais  coimne  vous  l'avez 
trds  bien  dit  la  question  de  corrosion  par  crevasse  dans  les  cuivres  et 
dans  les  alliages  de  cuivre  est  un  phlnomine  tout  A  fait  different,  du 
point  de  vue  de  Iteration  differentielle  par  exemple,  de  ce  que  l’on 
peut  trouver  dans  les  aciers  ordinaires  et  les  aciers  inoxydables.  Mais 
tous  ces  phlnomines  sont  sensibles  A  des  variations  de  potentiel  d'eiectrodes. 

Campbell:  One  of  the  things  that  one  has  to  remember  when  using  potential 
measurements  for  this  and  this  is  something  that  Professor  Pourbaix  with 
his  experience  would,  but  perhaps  I  should  mention  it.  That  is,  that  you 
are  getting  film  build-up  over  a  long  period  and  then  you  can  get  the  film 
building  up  to  such  a  point  that  the  stresses  within  the  film  itself 
probably  cause  it  to  break  down  and  to  lose  adhesion.  This  was  why,  as 
I  mentioned,  we  found  that  it  was  advisable  to  extend  our  test  period  from 
one  month  to  two  months.  If  one  were  using  measurements  of  potential,  one 
would  similarly  have  to  conduct  these  over  correspondingly  long  periods  to 
allow  the  films  to  form  and  then  to  reach  the  stage  where  they  were  going 
to  break  down  if  they  are  going  to. 
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Cathodic  Protection,  Iron  Injection  and  Chlorination 
in  Marine  Heat  Exchangers 


John  H.  Morgan,  Morgan  Berkeley  tc  Co,  Ltd., 
Mooraide  Road,  Winchester,  Hants.,  U.K. 


Marine  heat  exchangers,  particularly  condensers  on  steam  turbine 
ships,  can  be  protected  against  corrosion  by  impressed  current  cathodic 
protection  in  the  waterboxes  and  by  iron  injection  to  reinforce  the  film 
on  the  aluminium  brass  tubes.  Electrolytic  dissolution  of  iron  appears 
to  be  several  orders  more  efficient  than  injection  of  ferrous  sulphate 
solution.  Chlorination  will  prevent  fouling  and  sodium  hypochlorite  can 
be  produced  within  the  pipe/waterbox  circuit. 

Key  words:  Cathodic  Protection;  Impressed  Current;  Iron 

Injection;  Ferrous  Sulphate;  Electrolytic  Chlorination; 

Marine  Heat  Exchangers;  Ship  Condensers. 


Introduction 

A  decade  ago  corrosion  in  marine  heat  exchangers  was  a  matter  of 
material  selection  coupled  with  coating  of  the  sections  which  were  not  involved  in  heat 
transfer.  On  land-based  power  stations  and  refineries  cathodic  protection,  mainly  by 
impressed  current,  had  been  applied  to  similar  equipment,  and  a  simple  impressed 
current  scheme  was  fitted  to  a  40,  000  DWT  tanker.  This  coincided  with  the  operation 
of  a  series  of  larger  tankers  up  to  100,  000  DWT  where  the  problem  was  aggravated 
and  the  simple  arrangement  first  tried  was  extended  to  these  larger  vessels. 

Early  systems.  The  initial  installations  were  made  with  i"  diameter  platinised 
titanium  rod  anodes  mounted  into  steel  holders  which  were  screwed  through  the  wall 
of  the  waterbox.  In  cast  iron  boxes  a  back  nut  was  used  for  sealing  and  in  steel  boxes 
a  pipe  boss  was  welded  into  place  to  take  the  anode  holder.  Reference  electrodes  of 
anode  purity  sine,  diameter,  were  mounted  in  a  similar  fashion.  The  anodes  and 
electrodes  were  placed  in  the  waterbox  in  an  even  pattern  in  anticipation  that  this 
would  spread  current  to  the  whole  of  the  tube  plate  and  the  waterbox.  The  current 
was  supplied  from  a  manually  controlled  transformer  rectifier  and  on  the  third  and 
later  models  this  also  had  a  built-in  reference  electrode  monitoring  facility. 

There  was  no  experience  of  the  current  densities  that  were  required  so  the  capacity 
was  based  on  a  current  of  a  J  amp  per  square  foot  of  tube  plate  and  the  units  were 
run  so  that  there  was  a  300  millivolt  change  in  the  reference  electrode  potential. 

The  anodes  were  connected  in  groups  of  three  via  a  local  junction  box 
to  a  fused  outlet  on  the  transformer  rectifier.  In  one  ship  two  transformer  rectifiers 
were  used,  one  of  which  fed  the  inlet  and  outlet  of  the  condenser  and  the  other  the 
return  end.  The  cathodic  protection  effectively  reduced  the  corrosion  and  where  there 
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had  been  deep  pitting  of  the  eteel  and  tube  enda  thia  waa  atopped.  The  inatallation 
waa  not  entirely  aucceaaful  and  full  protection  waa  not  achieved  in  all  areaa.  There 
were  alao  aome  unuaual  aapecta  to  the  operation  of  the  protection  and  aa  the  ayatem 
had  been  baaed  on  hull  technique  a  it  waa  decided  to  analyae  what  waa  happening  in  the 
condenaer  waterbox. 

Firatly,  the  current  demand  varied  very  much  more  than  waa  anticipated 
although  the  water  velocitiea  remained  reaaonably  conatant;  there  were  almoat  aa 
large  changea  in  current  aa  were  found  with  the  hull  ayatem.  The  ayatema  operated 
on  a  fixed  output  voltage  which  could  be  varied  by  a  15  atep  tranaformer  tapping  and 
it  waa  decided  to  try  automatic  control  uaing  a  atandard  hull  controller. 

Secondly,  when  a  aingle  automatic  controller  waa  uaed  it  waa  found 
that  all  the  areaa  did  not  vary  together  and  that  aeparate  automatic  control  waa 
required  at  leaat  between  the  inlet  and  the  outlet. 

Thirdly,  the  poaitioning  of  the  reference  electrodea  waa  critical  aa  waa 
the  aelection  of  the  reference  electrodea  uaed  for  control.  Unlike  the  hull  ayatem,  the 
anodea  inaide  the  condenaer  waterbox,  and  particularly  in  the  pipea,  did  not  back  up 
each  other  and  a  reference  electrode  waa  almoat  completely  influenced  by  the  anodea 
next  to  it.  It  alao  became  apparent  that  the  reference  electrode  potential  waa 
influenced  by  the  coating  on  the  waterbox  and  could  give  a  falae  reading  of  the  potential 
if  located  in  an  area  that  waa  well  coated.  Thia  led  to  a  re-arrangement  of  the 
poaitiona  of  the  reference  electrodea,  a  change  in  the  aelection  technique  for  the 
control  electrode  and  the  need  to  monitor  aeveral  reference  electrodea  even  in  a 
single  waterbox. 

Up-Dated  Engineering.  In  addition  to  the  fundamental  problema  of  cathodic  protection, 
a  great  deal  of  trouble  waa  experienced  with  the  anode  deaign  although  thia  had  been 
uaed  aucceaafully  for  many  years  in  induatrial  plant.  The  problem  waa  cauaed  by 
vibration  and  the  platiniaed  titanium  rods  failed  in  hard  mountings,  possibly  by 
oxygen  starvation,  and  when  softly  mounted  in  a  neoprene  bush  water  was  able  to 
travel  along  the  rod  surface  back  into  the  cable  joint  assembly.  An  encapsulation 
technique  was  developed  using  a  glassfibre  resin  tape  wrapped  around  the  anode  as  an 
insulator,  machining  this  to  be  a  good  fit  into  the  anode  holder  and  cementing  it  in 
with  an  epoxy  resin.  The  shape  of  the  glassfibre  cladding  reduced  the  vibration  fatigue 
on  the  rod,  it  coventd  the  bare  titanium  area  so  that  there  was  no  breakdown  from 
overpotential,  and  scaled  the  cable  to  anode  joint  preventing  corrosion  if  water 
entered  the  head  of  the  anode  assembly.  These  anodes  have  now  been  in  service  for 
five  years  with  less  than  1%  failure  rate.  The  electrodes  are  made  in  a  similar  manner. 
An  anode  and  holder  is  shown  in  Fig.  (1). 

With  the  introduction  of  inlet  ecoops  fuel  tanks  prevented  the  mounting 
of  anodes  through  the  scoop  wall  and  a  triangular  section  anode  was  used,  the  cable 
being  carried  inboard  along  the  pipe  surface  in  a  2"  x  2"  angle  which  also  held  the 
anode.  The  back  of  the  anode  was  shaped  to  allow  a  further  cable  to  be  carried 
beyond  it  so  that  two  could  be  fed  from  a  si  ngle  entry  point. 

Control.  In  protecting  the  hull  it  is  reasonable  to  control  to  within  20  to  30  millivolts, 
whereas  in  the  condenser  a  much  higher  gain  is  required  to  respond  to  failure  of  a 
more  distant  anode.  It  is  also  necessary  to  use  smaller  control  units  in  order  that 
the  various  sections,  the  scoop,  the  inlet  sea  chest,  the  pump  and  the  inlet  and  outlet 
boxes  of  the  condenser  can  all  be  separately  protected,  A  modular  control  system 
feeding  a  bank  of  transformer  rectifiers  was  developed  and  also  a  small  transistor 
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controller  that  could  operate  off  a  amooth  d.  c.  output.  The  module  eyatem  proved  to 
be  the  more  practical  and  theae  now  are  atandardiaed  with  a  40  amp  output.  A  two- 
module  unit  la  ahown  in  Fig.  (2). 

The  higher  gain  haa  led  to  a  much  more  poaitive  indication  of  correct 
operation,  and  monitoring  of  the  potential  in  varioua  aectiona  of  the  equipment  can  be 
carried  out  in  the  individual  module*  independent  of  the  control  electrode  aelection. 

Thia  allow*  the  operator  to  check  the  diatribution  of  potential,  and  infer  the  diatribution 
of  the  current,  uaing  different  control  electrodea;  moat  hull  ayetema  monitor  and 
control  from  the  aame  electrode.  The  modular  ayatem  uaea  the  aame  plug-in 
electronica  carda  aa  the  hull  ayatem  and  aervicing  ia  atraightforward. 

Iron  Injection.  Almoat  immediately  the  early  ayatema  were  aucceaaful  in  auppreaaing 
corroaion  (and  theae  were  all  fitted  to  ahipa  that  already  had  hull  cathodic  protection) 
there  waa  a  apate  of  down-tube  failurea.  Thia  waa  alao  reported  on  ahipa  which  had 
full  hull  protection  and  non-ferroua  pipea  and  a  coated  waterbox.  At  firat  there 
appeared  tobe  no  correlation  until  it  waa  realiaed  that  the  aoft  iron  piecea  had  either 
been  removed  to  accommodate  the  impreaaed  current  anodea  or,  where  they  remained, 
they  were  cathodically  protected  with  the  reat  of  the  waterbox.  It  waa  auggeated  that 
iron  in  aolution  waa  needed  to  repair  the  film  on  condenaer  tubea  and  thia  had  been 
aupported  by  Breckon'*'  who  had  reported  failurea  on  condenaera  aaaociated  with 
cathodic  protection.  Steel  anodea  were  inatalled  and  driven  ao  that  they  diaaolved 
deapite  the  cathodic  protection  in  the  waterbox.  The  diaaolution  rate  waa  arranged  to 
be  twice  the  corroaion  rate  of  the  aoft  iron  piecea,  for  example,  a  conaumption  of 
501ba  of  iron  a  year  on  a  large  tanker.  Thia  brought  about  a  dramatic  reduction  in 
the  corroaion  rate  and  the  tubea  were  in  excellent  condition.  The  amount  of  iron 
aupplied  to  the  aubaequent  ahipa  waa  lncreaaed  by  50%. 

The  criterion  of  protection  that  had  now  been  eatabliahed  waa  very 
vague  in  that  it  waa  three  timea  the  amount  of  iron  that  waa  diaaolved  from  the  con¬ 
denaer  aoft  iron  piecea.  New  condenaera  were  not  deaigned  to  have  any  aoft  iron  and 
no  formula  could  be  found  for  calculating  their  aiae.  There  are  two  condenaer 
perametera,  the  area  of  the  tubea  and  the  amount  of  water  which  could  influence  the 
rate  of  diaaolution.  Aa  the  cathodic  protection  waa  aucceaafully  preventing  impingement 
attack  on  the  tube  enda  it  waa  felt  that  the  more  realiatic  criterion,  though  we  are  not 
to  thia  day  aure,  would  be  the  amount  of  water  flowing,  and  the  reaulta  of  our  work 
were  correlated  to  thia.  A  not  very  clear  picture  emerged  and  it  would  appear  that  a 
large  tanker  ia  more  than  adequately  protected  by  diaaolution  of  701ba  of  iron  per  year. 

Ferroua  Sulphate.  Contemporary  with  our  work  other  people,  principally  the  tube  and 
condeneer  manufacturera  and  the  C.E.G.B.  were  experimenting  with  injecting 
ferroua  aulphate  into  the  water  atream.  At  power  ataticna  fine  cryatala  were  thrown 
into  the  cooling  water  culvert  once  a  day  to  piovide  a  1  p.  p.  m.  iron  doae  for  one  hour. 

It  waa  not  poaaible  to  uae  thia  technique  on  board  ahip  ao  mixing  tanka  were  inatalled 
and  the  awful  job  of  mixing  aea  water  with  ferroua  aulphate  cryatala  waa  undertaken 
by  the  crew.  Thia  ia  a  hasardoua  buaineaa,  tha  cryatala  are  very  fine  and  contain 
free  acid,  they  ahould  not  be  inhaled,  they  can  cauae  inflammation  of  the  eyea,  and 
the  duet  that  aettlea  quickly  become*  ferric  chloride  in  the  marine  atmoaphere, 
one  of  the  more  corroaive  chemicala. 

Svatem  Compariaon.  It  ia  intereating  to  compare  the  two  ayatema.  1  p.  p.  m.  of  ferroua 
aulphate  cryatala  for  one  hour  a  day  ia  recommended,  although  after  a  period  of 
operation  the  aame  doaage  every  other  day  ia  found  to  be  adequate,  an  average  of 
0.  02  p.  p.  m.  aa  an  integrated  doae.  With  the  electrolytic  iron  ayatem  the  doaage 

Figurea  in  parentheaea  indicate  the  literature  referencea  at  the  end  of  thia  paper. 
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rate  is  very  much  lower,  0.  5  x  10"^  p.  p.  nr.  and  this  is  2|%  of  the  practical  ferrous 
sulphate  injection  a  day.  This  order  of  difference  must  be  capable  of  being  explained 
as  both  techniques  work  equally  well,  and  the  reason  could  rest  in  a  number  of  points. 

Firstly,  the  intermittent  injection  of  iron  could  be  highly  inefficient 
and  that  a  smaller  quantity  continuously  injected  would  give  the  same  result.  The 
technique  of  mixing  by  hand,  and  of  hand  dosage  in  the  power  station,  would  not  readily 
lend  itself  to  continuous  operation  except  at  great  expense,  and  it  would  be  very  much 
cheaper  to  use  a  heavy  shock  overdosage  for  a  short  time.  It  would  be  difficult,  using 
simple  mixing  techniques,  to  ensure  a  slow  rate  of  flow  as  there  would  probably  be 
blockages  with  undissolved  crystals. 

Secondly,  1  p.  p.  m.  for  an  hour  is  recommended  but  this  could  be 
well  in  excess  of  the  dosage  required,  though  the  consistency  with  which  this  criterion 
is  recommended  makes  this  doubtful. 

Thirdly,  it  is  possible  that  there  is  inadequate  mixing  in  the  water 
ream  during  injection  and  iron  may  not  be  well  dispersed;  certainly  not  as  well  as 
the  corrosion  product  from  12  anodes  placed  around  the  pipe. 

Fourthly,  there  is  some  evidence  to  suggest  that  the  ferrous  sulphate 
solution  when  mixed  with  sea  water  is  partly  converted  to  ferric  chloride  and  exists  in 
the  pipe  in  macromolecular  form  as  an  anionic  charged  group.  Cathodic  protection 
would  tend  to  keep  the  colloidal  particles  away  from  the  tube  surfaces,  whereas  the 
dissolved  iron  would  most  probably  produce  cationic  particles  which  would  be  attracted 
to  the  cathode. 


An  improved  system  of  dosage  is  under  development  in  which  a  cationic 
solution  of  ferrous  sulphate  is  used  and  when  this  completes  sea  trials  it  may  show 
whether  a  lower  rate  of  continuous  dosage  produces  the  same  results  and  whether 
cationic  ferrous  sulphate  will  be  more  efficient  than  normal  ferrous  sulphate/ ferric 
chloride  complex. 

Practical  Operation.  A  system  based  on  all  this  experience  was  fitted  to  a  ship  and 
the  unit  adjusted  to  the  normal  cathodic  protection  criterion,  that  is  250  millivolts  to  a 
zinc  electrode.  The  chosen  ship  had  experienced  considerable  trouble  with  its 
condenser  waterbox  which  had  been  welded  just  before  the  system  was  fitted.  After 
two  months  the  waterbox  was  examined;  there  was  no  sign  of  calcareous  deposit  around 
the  anoies,  as  had  been  expected,  and  although  there  had  been  no  measureable  corrosion, 
the  metal  did  not  have  the  appearance  generally  associated  with  cathodic  protection, 
there  being  no  dull  grey  bloom  to  the  cathodic  areas.  The  potential  of  the  waterbox 
was  depressed  by  a  further  75  millivolts,  and  three  months  later  appeared  to  be  fully 
protected  with  a  remarkable  change  in  the  appearance  of  the  tube  ends  and  tube  plate. 

The  extra  depression  of  potential  was  very  necessary  and  subsequent  observations  have 
shown  that  about  100  millivolts  overprotection  is  required  in  the  turbulent  areas  in  the 
condenser  and  in  the  pipe  work. 

There  was  heavy  fouling  in  the  condenser  with  the  exception  of  an  area 
close  to  the  anodes,  and  a  similar  effect  occurred  on  several  ships;  this  included  an 
area  of  the  tube  plate.  It  was  not  clear  what  was  having  this  effect  as  the  areas  were 
both  those  of  maximum  potential  and  the  areas  that  might  be  affected  by  the  anode 
products  in  the  anolyte.  This  was  cleared  up  when  the  other  end  of  the  tube  bundle 
was  examined  and  there  was  a  similar,  though  smaller,  fouling-free  area,  which 
showed  that  this  anti-fouling  effect  was  caused  by  anode  product  and  this  could  only  be 
sodium  hypochlorite  that  was  formed  in  the  sea  water. 
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In-line  Chlorine  Generation.  An  area  of  approximately  2  iq.  it.  appeared  clear  and  there 
was  a  current  of  2  amps  flowing  from  the  anode  at  a  water  velocity  of  about  1  foot  per 
second,  so  that  2  cubic  feet  of  water  were  being  treated  by  1  amp  second  of  electricity. 
This  is  the  equivalent  of  a  dosage  rate  of  0.  01  p.  p.  m.  of  chlorine  and  is  much  lower 
than  normally  suggested  for  this  type  of  work.  It  appeared  that  if  instead  of  the  60  amps 
that  was  being  used  in  the  whole  system  to  provide  cathodic  protection,  the  current 
could  be  increased  six  fold  in  the  inlet  half,  then  on  a  purely  area  basis  all  of  the 
condenser  tubes  and  tube  plate  would  be  kept  free  of  fouling. 

A  study  of  the  literature  showed  that  complete  anti-fouling  had  been 
achieved  at  between  0. 1  and  0.  2  p.  p.  m.  of  chlorine  on  a  continuous  basis  and  a  series 
of  anode/ cathode  configurations  were  tried  in  an  effort  to  bring  about  an  increase  in 
chlorine  generation  without  excessive  overprotection.  After  a  series  of  frustrated 
attempts  with  concentric  tubes;  with  spaced  rods  and  with  rods  and  plates,  it  was 
decided  to  concentrate  on  the  use  of  parallel  plates.  A  simple  arrangement  of  these 
that  would  screw  into  the  condenser  through  a  2"  hole  was  tried,  but  the  efficiency  of 
the  process  was  very  low.  It  was  therefore  decided  to  revert  to  the  classical  parallel 
plates  and  not  attempt  to  mount  these  through  the  wall,  but  to  fix  them  as  a  unit  inside 
the  condenser  waterbox  or  pipe.  At  the  slow  flow  rate  that  could  be  expected  the 
parallel  plates  would  quickly  stifle  by  a  calcareous  build-up  on  the  cathode.  Some 
years  earlier  experiments  were  made  using  a  switched  output  and  these  were  found  to 
be  very  successful,  although  the  polarity  switching  arrangement  that  had  been  used  in 
the  laboratory  was  not  suitable  in  a  larger  application.  Bigger  thyristors  were  now 
cheaply  available  and  a  solid-state  switching  system  was  developed  which  would 
automatically  change  the  polarity  of  the  plates. 

The  original  idea  had  been  to  provide  chlorine  from  the  cathodic 
protection  anodes  and  it  was  now  decided  to  obtain  the  cathodic  protection  current  from 
the  chlorine  generator.  This  was  done  by  building  a  ring  of  guard  electrodes  near  the 
ends  of  the  parallel  vanes,  as  shown  in  Fig.  (3).  These  were  connected  to  the  positive 
output  and  not  switched  with  the  plates  which  had  their  polarity  changed  every  few 
minutes.  As  the  main  protection  in  the  condenser  was  automatically  controlled  some  of 
the  cathodic  protection  current  was  fed  into  a  centre  tapped  transformer  and  the  whole 
unit  then  gave  out  current  in  sympathy  with  the  cathodic  protection.  This  led  to  some 
difficulties  in  the  electronics,  particularly  with  the  residual  polarisation  that  occurred. 
These  were  overcome  and  the  system  is  being  successfully  operated  on  four  units  at  sea. 

The  automatic  cathodic  protection  units  in  the  condenser  have  proved, 
however,  to  be  capable  of  providing  sufficient  variation  that  t'le  chlorination  units  are 
now  being  built  to  give  a  constant,  as  opposed  to  an  automatically  regulated,  supple¬ 
mentary  cathodic  protection  current.  T  'is  simplifies  the  construction  of  the  electronics 
for  the  chlorination  unit.  The  units  that  are  in  service  operate  at  close  to  the  predicted 
efficiency  and  in  its  operation  to  date  90%  of  the  projected  chlorine  generated  by  the 
system  has  been  found  in  the  outlet. 

Pollution.  Impressed  current  protection  is  a  complete  non-pollutant.  Electrolytic 
iron  injection  at  1  p.  p.  b.  is  of  the  order  of  the  corrosion  rate  of  a  small  structure  in 
sea  water.  Ferrous  sulphate  injection  which  will  turn  to  ferric  salts  in  sea  water 
could  be  a  serious  pollutant  in  a  port  where  the  water  is  already  sufficiently  noxious 
for  dosing  twice  a  day  to  be  recommended.  The  jr  esence  of  a  few  large  ships 
could  mean  that  a  ton  of  ferrous  sulphate  is  emptied  into  the  harbour  each  day. 

Electrolytic  chlorine  in  the  form  of  sodium  hypochlorite  is  a  non¬ 
pollutant  and  a  discharge  of  0.  2  to  0.  5  p.  p.  m.  of  chlorine  would  be  absorbed  rapidly. 
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The  chlorine  will  net  as  an  oxidising  agent  and  would  be  a  cleansing  agent  reducing 
other  oxygen  absorbing  pollution. 

We  have  therefore  now  equipped  a  ship  with  a  system  which  protects 
its  cooling  water  circuit  against  corrosion  by  cathodic  protection,  effectively  brings 
about  film  repair  and  r a -info r cement  on  the  tubes  by  electrolytic  iron  injection,  and 
we  have  integrated  this  with  a  chlorine  anti-fouling  system  which  is  contained 
entirely  within  the  pipes  and  waterboxes  without  any  toxic  effluent. 


(1)  BRECKON  C. 


Cathodic  Protection  may  Boost  Corrosion.  Pet.  Refiner.  37,  189-190. 
Mar.  1958. 
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Discussion 

Shone:  About  eight  years  ago,  several  failures  of  aluminum  brass  tubes 
occurred  on  the  new  larger  tankers,  which  we  attributed  to  erosion,  corrosion, 
or  impingement  attack.  We  carried  out  investigations  and  found  that  the 
systems  were  completely  non-ferrous.  They  were  usually  made  from  aluminum 
brass  with  small  amounts  of  copper  nickel,  and  the  waterboxes  were  rubber 
lined.  We  believe  that  this  type  of  damage  is  associated  with  turbulent 
aerated  high  velocity  sea  water.  Frequently,  the  design  of  these  condensers 
was  such  that  it  promoted  excessive  turbulence.  Mr.  Morgan  says  that  the 
earlier  attempts  to  cathodically  protect  the  tubes  were  not  successful 
because  of  the  unreliability  of  the  platinized  titanium  anodes.  We  agree 
with  this  and  at  that  time  we  were  forced  to  look  for  alternative  solutions. 
One  of  these  solutions  was  the  injection  of  ferrous  sulfate  in  the  sea 
water  circulating  systems.  At  that  time,  no  simple  system  was  available 
commercially  for  use  on  board  ship  and  we  designed  and  evaluated  our  own. 

This  system  is  very  simple.  It  consists  of  a  mixing  tank  with  a  stirrer. 

The  ferrous  sulfate  is  fed  from  the  mixing  tank  to  a  manifold  and  then  to 
injection  probes.  We  can  feed  lube  oil  coolers,  the  main  condenser,  the 
pumps,  and  any  other  such  component  in  the  ship.  In  some  cases  we  are 
using  the  ferrous  sulfate  additions  in  conjunction  with  plastic  inserts  and 
wrought  iron  anodes.  The  wrought  iron  anodes  corrode  very  slowly  because 
of  the  natural  current  set  up  between  the  tubes  and  the  iron.  In  your 
paper,  you  say  that  it  is  hazardous  for  the  crew  to  mix  the  ferrous  sulfate 
solution.  In  answer  to  this,  I  can  only  say  that  in  two  years  we  have  had 
no  complaints  from  the  ship's  personnel  who  carry  out  this  operation.  They 
are  made  aware  of  the  fact  that  the  crystals  may  contain  small  amounts  of 
free  acid  and  take  the  appropriate  precautions.  On  the  point  of  dosage, 
while  we  have  not  yet  established  the  optimum  dosage,  we  believe  it  is 
considerably  less  than  the  one  part  per  million  for  one  hour  per  day 
usually  recommended.  It  seems  likely  that  this  figure  is  used  because 
that  was  the  amount  recommended  by  Bostwick  in  his  paper  when  he  referred 
to  the  tubes  at  Jacksonville.  Mixing  is  not  a  problem  in  our  system  and 
if  the  injectors  are  correctly  sited,  then  the  turbulence  in  the  system  is 
sufficient  to  provide  all  the  mixing  required.  We  find  that  This  ferrous 
sulfate  injection  has  prevented  tube  failure  on  about  20  of  our  vessels  now 
that  we  have  these  units  fitted  on.  On  the  subject  of  pollution,  I  would 
like  to  point  out  that  our  vessels  do  not  use  the  large  quantities  of 
ferrous  sulfate  mentioned  in  your  paper.  We  believe  that  corrosion  control 
in  marine  heat  exchangers  may  still  be  a  matter  .of  material  selection  and 
in  some  cases  we  have  started  to  use  70-30  with  about  2%  iron  for  the  tube 
materials.  This  is  very  successful.  Unfortunately,  we  have  run  into  one 
snag.  We  haven't  got  time  to  change  the  tube  plates  and  we  are  getting 
some  corrosion  of  tube  plates  now.  In  the  future,  we  are  seriously  consider¬ 
ing  using  titanium  as  a  heat  exchanger  material. 

Morgan :  I  would  just  like  to  thank  you  for  what  you  have  said.  Two  or 

three  things  I  probably  did  not  make  clear.  First  of  all,  it  was  not  the 
platinized  titanium  anode  that  failed.  It  was  our  techniques  of  mounting 
them.  I  think  I  ought  to  make  that  clear.  It  was  not  a  failure  of 
material.  I  would  not  be  against  any  system  of  using  ferrous  sulfate,  and 
when  I  mentioned  it  was  hazardous,  I  was  really  putting  this  out  as  a 
warning  to  some  unsophisticated  operator.  I  am  only  too  delighted  that 
you  had  no  troubles  on  your  ships.  I  am  very  glad  that  you  are  finding 
the  lower  dosage  satisfactoxy .  It  means  that  all  those  people  we  sold 
our  electrolytic  system  to  will  now  not  come  back  and  ask  us  to  upgrade  it. 

Carson :  I  would  like  to  ask  Mr.  Morgan  if  he  mentioned  that  he  got  differ¬ 
ences  in,  I  gather,  current  requirements  in  different  parts  of  the  condenser. 
Did  you  find  that  the  current  requirements  were  considerably  higher  on  the 
cold  side  than  on  the  warm  side?  We  have  found  in  the  use  of  galvanic 
anodes  that  there  is  much  more  corrosion  of  the  anode  on  the  cold  side  than 
on  the  warm  side.  I  am  talking  about  zinc  in  particular. 
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Morgan;  We  found  this  on  some  ships  and  we  think  it  is  associated  with  the 
fact  that  on  the  cold  side,  there  is  a  lot  of  turbulence  and  that  on  the 
warm  side,  the  water  already  having  gone  through  the  tubes,  is  better 
distributed.  We  have  also  found  a  lot  of  sand  erosion  on  big  ships  where 
when  a  large  ship  goes  along,  it  seems  to  put  a  pressure  wave  into  a  sandy 
bottom  and  sand  comes  up  into  the  scoop.  This  causes  very  heavy  damage 
to  any  coating  and  it  is  this  sort  of  thing  that  we  found  to  give  much 
higher  currents  and  it  is  this  sort  of  thing  that  threw  us  when  we  thought 
we  had  a  simple  system  that  we  could  control  manually  and  it  would  not  need 
adjustment. 

Carson;  The  introduction  of  iron  into  cooling  water  systems  is  really 
quite  old.  It  is  over  SO  years  old.  Cumberland  designed  an  electrolytic 
method  of  introducing  iron  into  condenser  systems  back  in  the  1920's.  Your 
methods  of  introducing  iron  and  providing  cathodic  protection  seem  to  me 
overly  complicated.  What  is  the  matter  with  using  galvanic  iron  anodes 
to  do  both  jobs? 

Morgan ;  On  the  historic  note,  I  believe  the  first  proper  installation  of 
this  type  was  done  by  Mertz  in  the  Dundee  Power  Station.  On  the  question 
of  using  an  iron  anode  that  simply  corrodes  away,  it  does  not  give  anything 
like  enough  current.  Using  iron  anodes  and  corroding  them  away  with  power 
to  provide  the  cathodic  protection,  there  is  not  enough  volume  or  Bpace 
to  go  the  two  and  a  half  years  that  a  large  ship  would  want  to  go;  between 
dry-dockings,  you  would  have  to  replace  the  iron  anodes  much  more  frequently. 

Cotton;  I  should  have  thought  that  your  answer  to  that  question  would  be 
that  the  demand  for  cathodic  current  varies  so  enormously  between  a  ship 
in  dock  and  a  ship  moving  in  the  sea,  and  that  an  iron  anode  just  simply 
cannot  cope  with  this  variation  in  current  demand.  Am  I  right  or  wrong 
there? 

Morgan ;  Right.  A  typical  260,000  ton  tanker  may  take  60  or  70  amps 
on  the  average,  and  this  might  vary  between  30  and  100  during  a  voyage. 

Now  to  get  100  amps  out  of  sacrificial  iron  anodes  and  protect  a  steel 
water  box  would  not  be  a  very  practical  proposition. 

Carson:  I  would  like  to  con.nent  on  that.  I  do  not  have  experience  with 

the  large  type  of  heat  exchangers  you  are  talking  about,  but  we  have  had 
very  excellent  results  with  using  mild  steel  anodes  in  small  ones.  But 
I  would  also  like  to  say  that  when  people  started  putting  rubber  coatings 
on  their  steel  water  boxes,  they  removed  the  cathodic  protection  which  was 
doing  them  the  benefit.  I  am  personally  convinced  without  actually  having 
tried  it  that  you  could  get  plenty  of  galvanic  steel  anodes  in  there  to  do 
the  job. 

Morgan :  The  boxes  are  made  quite  differently  on  a  big  ship. 

Arup:  Both  the  author  and  Mr.  Shone  seem  to  agree  that  the  iron  should  be 
introduced  very  shortly  before  the  condensers.  In  fact,  have  you  evidence 
that  this  is  necessary?  In  many  installations,  it  would  be  of  course  much 
easier  to  introduce  the  iron  at  an  earlier  point  and  thus  feed  several 
units  at  one  time. 

Morgan;  No,  we  have  in  fact  done  several  systems  where  we  introduced  the 
iron  very  early  on  and  we  have  produced  systems  where  the  anodes  are  perhaps 
a  hundred  feet  or  more  from  the  condenser.  This  is  to  protect  the  cooling 
water  circuit  for  other  pieces  of  equipment.  We  have  since  put  it  further 
back.  I  do  not  think  there  is  any  problem  there,  and  in  the  power  station 
they  throw  the  ferrous  sulfate  in  into  the  sea  alongside. 
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One  of  Hie  basic  problaaa  associated  with  impressed  current 
anodes  used  in  cathodic  protection  of  steel  structures  immersed  in 
sea  water  is  to  provide  a  strong  durable  anode  to  conduct  the  protect¬ 
ive  current  into  the  water.  Over  the  past  fifteen  years,  one 
advance  in  this  direction  lies  in  the  develops ent  of  platinised 
tltanlua  anodes.  For  this  type  of  anode  the  durability  aspects 
relate  to  the  precautions  necessary  to  prevent  pitting  of  the 
uncoated  tltanlua  support  structure,  the  evaluation  of  the  rate  of 
loss  from  the  platinum  surface,  and  the  definition  of  the  conditions 
under  which  such  loss  occurs.  The  results  from  controlled  practical 
tests  at  a  sea  water  site  in  U.K.  are  summarised  and  examples  of 
many  forms  of  titanium- based  anodes  are  illustrated. 

The  control  of  marine  Infestation  of  sea  water  cooling  systems 
of  coastal  power  stations  by  use  of  either  chlorine  or  sodium  hypo¬ 
chlorite  has  been  practised  for  aany  years,  the  supply  of  disinfectant 
usually  being  in  the  bulk  liquid  form.  Because  of  the  inconvenience 
attendant  upon  bulk  storage,  such  systems  are  not  readily  acceptable 
for  use  on  board  ship  and  even  for  land  based  systems,  provision  of 
bulk  supplies  can  involve  appreciable  transport  costs.  Over  the 
past  fifteen  years,  there  has  been  considerable  development  of 
in- situ  production  of  sodium  hypochlorite  by  the  electrolysis  of 
sea  water,  and  the  paper  describee  the  development  of  oompact 
electro lytic  cells  for  this  purpose.  The  design  features  of 
both  monopolar  or  bipolar  oells,  employing  coated  titanium 
eleetrodes  are  summarised  and  the  operating  factors  necessary  to 
achieve  an  acceptable  performance  are  indicated. 

In  the  thermal  desalination  of  sea  water,  a  problem  arises  in 
the  deposition  of  water  deposited  scale  on  heat  exchange  and 
evaporator  surfaces.  Scale  deposition  is  usually  controlled  by 
adjustment  of  the  pH  value  of  the  seawater,  by  add  dosing  from 
bulk  supplies  of  sulphuric,  hydrochloric,  and  citric  adds  or  by 
an  addition  of  ferric  chloride.  By  suitable  selection  of  mater¬ 
ials  and  design  of  equipment  it  has  now  been  demonstrated  that  it 
ia  possible  to  generate  the  neoessary  acidity  by  eleotrolyds  of 
sea  water.  The  cell  arrangement  involves  the  discharge  of  hydrogen 
at  a  oathode  and  the  transfer  of  the  hydrogen  to  an  anode  which 
functions  as  a  fuel-oell  type  eleotrode  in  converting  the  gaseous 
hydrogen  to  hydrogen  lone.  The  operation  of  a  prototype  cell  over 
a  continuous  period  of  6000  hours  is  described  and  the  economic 
aepeota  are  summarised.  Finally  the  possible  application  of 
elaotroohsmlstry  to  the  production  of  pure  oxygen  from  sea  water 
is  foreshadowed. 
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Introduction 


Although  the  commercial  or  industrial  uso  of  electrochemistry  in  conjunction  with 
so dim  chloride  brine  has  its  roots  in  the  birth  of  the  alkali  industry  in  the  mid  1800's, 
and  although  rather  earlier  than  that.  Sir  Humphrey  Davy  had,  in  fact,  applied  electro¬ 
chemical  principle  to  the  cathodic  protection  of  ferrous  materials  in  the  sea,  it  is  only 
in  the  past  twenty  years  that  any  significant  attempt  has  been  made  to  exploit  the 
considerable  advantage  to  be  gained  from  commercial  application  of  electrochemical  processes 
to  sea  water. 

In  the  past  twenty  years  there  has  been  a  great  deal  of  advance  in  the  application  of 
cathodic  protection  to  sea  water  systems  and  some  of  the  sophisticated  control  techniques 
now  employed  are  described  in  other  papers  delivered  to  this  Congress.  Such  systems  could 
not  aohieve  their  full  potentiality  without  improvement  in  corrosion  resistance  of  applied  - 
current  anodes  and  there  has  been  significant  development  in  this  direction.  One  of  these 
has  resulted  in  the  use  of  platinised  titanium  anodes.  Even  platinum  is  net  completely 
immune  to  corrosion  under  these  conditions  and  the  first  pert  of  this  paper  records  some 
relevant  experience  in  this  development  and  summarises  the  results  of  some  controlled 
teats  instituted  to  define  the  rate  of  wear  of  platinum  as  an  anode  material. 

The  use  of  impressed  current  for  cathodic  protection  is  however  likely  to  prove  to  be 
only  the  first  of  several  systems  in  which  electrochemistry  can  be  applied  in  practical 
fashion  to  sea  water  systems.  Thus  although  corrosion  monitoring,  in  several  forms,  la 
making  rapid  headway  for  the  corrosion  control  of  chemical  plant,  its  use  in  sea  water 
systems  is  still  in  its  infancy. 

Significant  progress  has  bean  made  in  the  design  and  operation  of  small  electrolytic 
cells  for  the  in  situ  production  of  sodium  hypochlorite  from  sea  water  for  marine  disin¬ 
festation  purposes.  Indeed,  in  this  application  practical  experience  has  been  accumulating 
over  several  years,  during  which  the  advent  of  platinised  titanium  electrodes  has  signific¬ 
antly  facilitated  the  commercial  development  of  such  systems.  The  second  part  of  this  paper 
summarises  some  of  the  features  involved  in  the  practical  behaviour  of  such  electrodes. 

Sea  water  is  such  an  obvious  source  of  hydrogen  and  oxygen  that  it  is  perhaps  a 
little  surprising  that  little  attempt  seems  to  have  been  made  to  separate  and  use  these 
elements  in  appropriate  circumstances.  In  desalination,  for  example,  scale  control  is 
effected  by  pH  adjustment  of  the  primary  sea  water  supply,  and  hydrochloric,  sulphuric 
or  citric  acids  are  used  as  to  replace  the  carbonic  acid  ion.  By  operating  a  sea  water 
cell  under  specific  conditions  it  has  been  dmonstra ted  that  the  requisite  level  of 
acidity  can  be  obtained  by  utilising  cathodic  hydrogen,  from  which  an  electron  is  extracted 
in  a  fuel-cell  type  electrode.  A  summary  of  developments  in  this  direction  appears  in 
the  third  section  of  this  paper. 

finally  by  restricting  access  of  sea  water  in  a  oell  system,  it  is  possible  to  pass 
through  all  the  oxidation  states  of  chlorine  to  perchlorate  and  from  this  it  is  possible 
to  produce  fairly  pure  oxygen,  virtually  uncontaminated  with  chlorine. 

A  paper  having  as  broad  a  scope  as  already  indicated,  would  become  unduly  unwieldy 
by  the  inclusion  of  too  much  detail.  Indeed,  the  main  objective  of  the  paper  is  to 
demonstrate  the  possibilities  arising  from  the  wider  application  of  electrochemistry 
to  sea  water  systems  in  the  hope  that  some  of  the  existing  developments  may  receive 
further  commercial  impetus  and  that  some  of  the  possibilities  might  beoome  commercial 
possibilities . 

Platinised  Titanium  Anodes  in  Cathodic  Protection 

The  basio  development  of  the  use  of  a  thin  film  of  platinum  upon  a  supporting 
structure  of  titanium  as  a  composite  anode  material  was  first  described  in  1958'IJ* (2)# 

Its  success  depends  upon  the  fact  that  titanium  will  conduct  electronically  to  the 
platlmm,  but  that  at  any  pores  or  defects  in  the  surface  film  the  t'.taniim  substrate 
will  passivate,  even  in  halide  solutions. 

(The  numbers  in  parentheses  refer  to  the  list  of  references  at  the  end  of  this  paper). 
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This  ability  to  passivate  has,  however,  its  limitations  and  whan  the  applied  potential 
difference  between  uncoated  titanium  and  the  environment  in  Immediate  proximity,  attains 
a  value  of  between  nine  and  twelve  volts,  breakdown  in  passivity  can  occur  and  corrosion 
ensues.  For  this  reason  it  is  usual  to  Halt  the  voltage  when  applied  to  a  partially- 
coated  titanium  anode,  to  a  value  of  nine  volts,  although  under  seme  circumstances  higher 
values  than  thlo  can  be  tolerated. (3) 

Since  1958  many  thousands  of  platinised  titanium  anodes  have  been  wployed  in  cathodic 
protection  systems,  the  advantages  of  employlig  titaniun  as  a  strong  versatile  support 
being  demonstrated  by  the  wide  range  of  shapes  and  sixes  used.  Thus  anodes  are  produced 
in  the  form  of  plate,  sheet,  mesh, tube,  rod  and  wire. 

The  ability  of  uncoated  titanium  to  passivate  and  become  non-conductive  in  the  anodic 
sense  to  the  electrolyte,  is  of  advantage  where  long  thin  anodes  are  required  to  conduct 
only  from  an  extmity.  In  such  circumstances  only  the  extremity  is  coated  with  platinum. 
Where  long  wire  anodes  are  required,  these  can  be  produced  from  low-resistance  copper— cored 
titanium,  and  the  titanium  sheath  can  be  skip-coated  to  conduct  only  from  the  requisite 
areas. 


One  of  the  prime  advantages  of  such  anodee  is  that  they  can  operate  at  high  current 
densities  -  100  amps  per  square  foot  and  even,  on  occasion  at  500  amps  per  square  foot. 

In  performing  such  duty  platinum  coated  titanium  should  function,  in  theory,  as  adequately 
as  solid  platinum  and  with  certain  reservations  experience  has  shown  that  they  do  so  in 
practice.  Even  solid  platinum  has  some  solubility  when  anodically  energised  at  )lgh  current 
densities,  and  the  relative  performance  of  solid  platinum  and  of  platinum  plated  titanium 
has  formed  the  subject  of  an  investigation  by  the  corrosion  team  at  DU.  Apart  from  simple 
anodic  dissolution  there  are  three  further  circumstances  that  can  result  in  loss  from  the 
platinum  surface.  They  are,  dissolution,  probably  due  to  chelation,  in  certain  water 
soluble  organio  derivatives;  the  superimposition  of  an  A.C.  ripple  upon  the  D.C.  source 
and  what  is  believed  to  be  the  effect  of  local  acidity  beneath  deposits. 

The  details  of  laboratory  investigation  and  simulated  performance  at  a  marine  site 
in  U.K.  were  provided  in  a  paper  given  to  the  British  Joint  Corrosion  Croup  in  London  in 
February  1971  by  P.C.S.  Bayfield  and  N.A.  Warne.  That  paper  is  in  course  of  preparation 
for  publication  in  the  British  Corrosion  Journal. 

Summarising  the  results  obtained  it  has  been  shown  that  in  moderately  olean  sea  water 
Ht  Brixham,  Devon,  the  rate  of  dissolution  of  solid  platinum  operating  at  1 2D amp/ ft2  with 
three  phase  full  wave  unsmoothed  D*C.  was  1.0  micro  gram  per  amp  hour.  When  the  current 
density  was  raised  to  460  amj/ft2  the  rate  of  wear  Increased  to  1.5  micro  grams  per  amp. 
hour.  For  platinum  plated  titanium  the  rate  of  wear  varied  with  the  process  used,  and 
values  from  0.56  to  1.34  micro  grams  per  amp  hour  were  recorded  at  current  densities  that 
varied  from  30  to  300  asps/ ft?.  Most  wear  rates  fell  below  1.0  micro  grams  per  amp  hour 
and  it  was  concluded  that  this  represents  a  conservatively  high  figure  upon  which  to  base 
the  practical  durability  of  platinised  titanium  under  service  conditions.  In  practical 
terms  this  provides  a  service  life  of  two  years  for  an  anode  carrying  100  micro  inches 
thickness  of  platinum,  operating  continuously  at  300  amj/ft?  or  a  service  life  of  10  years 
for  a  similar  anode  operating  at  50  amp /fir.  That  these  figures  can  be  related  to  practice 
is  demonstrated  by  the  fact  that  anodes  prepared  over  ten  years  ago  with  a  100  micro  inch 
coating  of  platinum  are  still  operating  satisfactorily  at  current  densities  of  several  tens 
of  amjyft. 

There  is  little  doubt  that  a  superimposed  A.C.  ripple,  upon  the  D.C.  source  can  result 
in  activation  of  platinum,  and  this  effect  has  now  been  shown  to  be  dependent  upon  the 
frequency  of  imposed  A.C.  Sinusoidal  frequencies  of  50  Hz  and  lower  are  knowr  to  accelerate 
dissolution  rate,  but  frequencies  of  100  Hz  and  higher  appear  to  have  little  effect'*’. 

Tests  at  Brixham  with  various  types  of  rectifying  equipment  including  a  thyristor  controlled 
silicon  rectifier,  have  shown  that  (my  aggravation  of  the  wear  rate  over  that  of  a  fully 
■toothed  supply  is  only  marginal. 

In  practice  unduly  rapid  failure  of  platinum  plated  anodes  has  occurred  on  one  or  two 
occasions  when  the  anodes  have  been  burled  in  dud  or  have  acquired  fairly  heavy  surface 
(The  numbers  in  parentheses  refer  to  the  list  of  references  at  the  end  of  this  paper). 
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deposits,  the  for*  of  failure  being  by  •uniernialag"  of  tho  platinum  ooetlng.  Tho  full 
explanation  for  this  typo  of  oocurrcmoe  boo  jot  to  bo  determlnedt  it  appoora  to  bo  aaeoo- 
iotod  with  high  local  aoidity  developed  undor  tho  blankot  of  depoelt,  and  la  poooibly 
aaoodatod  with  poros  la  tho  ooatiaf  •  At  all  events  aodlfioation  of  tho  coating  prooeee 
to  produce  on  iaporrloua  layor  seams  to  provide  a  roaody,  although  this  still  has  to  bo 
doaonstratod  in  rsally  long  ton  toots. 

The  chelation  type  of  platinum  dissolution  la  tho  presence  of  organic  species  related 
to  sugars,  has  nainly  occurred  in  natal  plating  baths  and  it  is  doubtful  whether  similar 
offsets  haws  boon  oboorwod  la  sea  water. 

Desjdto  soaa  statistloally  lew  inddenoo  of  unduly  abort  life  under  tho  circumstances 
ausnarlaed,  tho  praetloal  talus  of  platinised  titanium  anodes  has  boon  amply  demonstrated 
ewer  the  past  twelve  years.  This  typo  of  anodo  should  bo  regarded  as  tho  first  of  a  series 
of  oompooltea  based  on  titanium  and  carrying  a  variety  of  oonduetiag  surfaces,  some  of  thorn 
specifically  designed  to  oombat  difficult  operating  oondltiona. 

Generation  of  Sodium  Hypochlorite 

The  electrolysis  of  sea  water  in  a  cell  in  which  anolyte  and  oatholyte  oan  easily  mix 
allows  the  normal  ebOmioal  reactions  to  toko  plaoe  in  which  chlorine  formed  at  the  anode 
react*  with  sodium  hydroxide  at  the  oathode  to  produoe  sodium  hypochlorite.  The  other  main 
cathodic  product  is  gaseous  hydrogen.  Vlth  dilute  brims  ether  aide  reactions  oaa  ooour  and 
in  particular  with  sea  water,  the  soluble  impurities  such  as  magnesium  and  calcium,  when 
in  contact  with  the  alkaline  oatholyte,  can  precipitate,  usually  as  hydroxides  and  this 
can  complicate  the  operation  of  the  oell. 

The  first  commercial  oells  to  demonstrate  the  feasibility  of  this  process  were 
developed  about  fifteen  years  ago.  They  employed  graphite  anodes,  which  wore  quite  bulky 
and  being  subject  to  relatively  rapid  wastage,  they  had  to  be  replaced  at  fairly  frequent 
intervals.  The  advent  of  platinised  titanium  facilitated  the  design  of  neater  oells  with 
much  longer  periods  of  operation  between  nalntsnamoe  shut  down.  The  potentialities  Inherent 
in  this  system  may  perhaps  be  Judged  by  the  fact  that  in  U.I.  there  are  four  different 
designs  of  oell  available  with  seme  parallel  development  proeeediigt  both  in  U.3.  and  Japan. 

Such  oells  may  operate  in  the  monopolar  prinolple,  sometimes  employing  a  steel  oathode 
with  a  platinised  titanium  anode  or  they  nay  function  in  a  bipolar  system  in  which  isolated 
electrodes  suspended  in  on  appropriate  oleotrloal  field  gradient,  aoqulre  the  ability  to 
colleot  electrons  on  the  anodic  side  to  discharge  ohlerlms  lone  and  to  pass  electrons  on 
the  oathodlo  side  to  discharge  hydrogen  ions. 

Bipolar  oells  have  the  advantage  of  a  neater  construction  for  a  given  load,  and  they 
have  less  eoaplloated  oleotrloal  ocmnectione,  but  ears  is  nsedod  to  ensure  that  the  fairly 
high  oleotrloal  field  and  the  distribution  of  electrolyte  in  narrow  electrode  passageways 
are  corroetly  bandied.  Ths  majority  of  ooMsroial  oells  appear  to  operate  on  the  bipolar 
principle. 

Tho  also  trod  ee  for  a  bipolar  oell  are  usually  of  titanium,  platinised  on  one  euxfhoe 
only  and  this  perhaps  requires  some  explanation. 

As  already  described  for  anodes  used  la  oathodlo  protection,  unseated  titanium  will 
not  readily  pass  current  in  the  anodic  sense  l.e.  it  will  not  aeoept  electrons  from 
negatively  charged  solvated  ions  -  bonce  ths  need  to  employ  a  surface  fils  of  platinum 
to  discharge  chlorine.  In  oontraat  to  this  titanium  will  readily  pass  electrons  outwards 
in  tbs  oathodlo  sense  to  discharge  positively  o barged  lens  e.g.  hydrogen.  Thus  the 
bipolar  electrodes  discharge  hydrogen  from  the  unceeted  oathodlo  eurfaoe  and  produoe 
hypochlorite  at  the  platinum  ooated  anodic  eurfaoe. 
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Because  tltanlua  readily  forma  a  hydride  and  beoauss  tltanlua  hydride  la  brittle, 
it  Is  at  first  sight,  rathar  surprising  that  tltanlua  can  ba  aa plowed  In  this  fashion. 

Tha  faots  ars  that  only  a  thin  surface  layer  of  tltanlua  hydride  le  formed  and  this 
discharges  hydrocen  readily.  At  sea  water  tsaperature,  the  hydrogen  dose  not  diffuse 
and  the  strength  of  the  electrode  Is  not  na  tori  ally  la  pal  red .  The  tltanlua  hydride 
does  boa  are  r  occupy  a  Toluao  greater  than  the  tltanlua  froa  which  It  waa  foraed  and  In 
the  first  designs  of  eell  this  resulted  in  sons  bowing  and  short  circuiting  of  ths  sheet 
electrodes.  This  ooourrsnoe  can  be  euceeeefully  oountered  by  nodlfled  design  of  sheet, 
to  oontain  the  tendency  to  bowing  or  even  by  use  of  aore  robust  electrodes. 

It  would,  of  oourse,  be  possible  to  avoid  hydriding  on  the  cathode  side  by  use  of  a 
ooapoelte  anode  of,  say,  steel  bonded  to  tltaalun  but  this  raises  eoaplieations.  Tor 
axaaple.  In  a  sheet  anode  construction  there  Is  a  rapid  change  froa  the  anodic  to  the 
oathedie  reaction  at  the  edge,  resultliw  la  edge  corrosion.  This  complication  oan  be 
countered  by  redesign  of  oell  at  the  sacrifice  of  sobs  ccapactnesa,  but  further  advances 
any  be  envisaged  in  which  the  oathodle  surface  ef  tltanlua  oan  be  treated  to  avoid  hydriding 
while  maintaining  a  low  evsrpotentlal  for  hydrogen  release. 

larly  experience  la  operation  of  bipolar  ays  teas  clearly  demonstrated  that  if  cathodio 
deposits  of  aagneelua  hydroxide  eto.  were  allowed  to  build  up,  aueh  that  they  bridged  ths 
narrow  anode-cathode  gap,  this  oould  cause  stripping  ef  the  platlnua  frea  the  anode  surface. 
The  aeohanlaB  Is  believed  to  be  that  ef  " undent aii«”  as  previously  described.  Ths  remedy 
Is  te  ensure  that  intaz^alec trade  spaoee  axe  adequately  swept  by  proper  distribution  of 
sea  water,  nevlng  at  appropriate  speeds . 

One  further  possible  ha  sard  le  the  lapdageesnt  ef  oathodle  hydrogen  on  to  the  platlnua 
surfs oe.  Ths  extent  to  which  this  oan  result  In  rapid  wear  ef  the  platlnua  la  difficult 
to  prove,  hat  at  least  It  la  a  sound  principle  to  oliainato  ths  hydregsa  froa  the  eoll  with 
as  little  delay  as  poaalhla. 

At  all  svonta,  ths  sarly  axparionoa  la  the  design  and  use  of  thla  fora  of  cell  baa 
resulted  In  various  cells  ef  several  different  designs  that  appear  to  provide  quite 
adequately  reliable  performance. 

The  la  situ  produotlea  ef  oedlm  hypochlorite  for  the  prevention  ef  the  growth  at 
marine  organisms  has  obvious  advantages  sepselally  for  ship  nsa  and  for  peear  stations 
and  dasallaatlan  plant  sltad  at  lsoatleas  to  which  transport  ef  bulk  ehsmleels  carries 
e  significant  east  premium.  The  aotual  economic  advantage  te  be  gained  froa  the  use  ef 
in  situ  hydroohlerlte  cells  will  obviously  depart  upon  Individual  circumstances.  One 
early  flgurs'5)  suggests  that  even  far  poser  stations  where  long  dlstanoe  transport  waa 
net  e  factor  there  oould  ho  substantial  aavl^  ever  that  ef  bulk  purchase  of  chealeals. 

In  one  mere  reseat  exercise  Involving  n  37,000  ten  tanker  It  waa  estlaated  that  the 
saving  In  elimination  ef  maintenance  costa  end  In  la  proved  speed  oould  amount  to  rather 
more  then  £3,000  p.s. 


In  thermal  deea  11  nation  systems  employing  a  see  ester  Intake,  It  le  necessary  te 
adjust  pH  to  an  sold  value  te  control  socle  formation  In  the  evaporator  sections.  pH 
adjustment  Is  usually  effected  by  on  addition  of  sulphuric,  or  hydrochloric  colds. 

Ferric  ohlorlde  end  citric  sold  may  also  be  employed . 

For  ship  board  use  end  In  remote  leoetlena  where  desalination  of  see  eater  la  often 
e  neoeeslty,  there  is  each  nerlt  In  the  possibility  that  sold  see  water  oould  be  generated 
eleotrolytloally,  in  situ.  This  possibility  arises  from  the  suggestion  that  in  e  esc  eater 
eleotrolytlo  oell.  In  which  chlorine  Is  generated  at  the  anode  end  hydrogen  at  the  oathode, 
the  geasMs  hydrogen  cam  ba  pimped  over  the  anode  end  Induced  te  part  with  electrons  In 
a  fusl-csll  type  reaotlen  te  produce  hydrogen  leas  end  provide  the  equivalent  ef  Ionised 
hydrochloric  sold. 

(The  nuaber  in  parenthesis  refers  te  the  list  of  refereaoes  at  the  end  ef  this  paper) 


9uoh  a  qritM  was  laves  tigs ted  at  tba  DU  laboratory  in  1965  and  demonstrated  to  bo 
f*aalble(6).  Independently  a  slailar  aystan  was  boiac  investigated  la  OS  at  tba  Aaerloan 
Maohlno  and  Foundry  Ccapaay,  Stanford,  Conn.  (7),  and  subsequently  L.H.  Shaffer  and  B.A. 

Knight  praaaatod  a  pa  par  to  tho  Blootroobanioal  Sooloty  la  Boaton  Nay  5-9  th  1968(6) ,  la 
which  tho  IB  development  la  comprehensively  rooordod. 

la  both  ayatans  It  la  oaaoatlal  to  employ  a  poroua  oata lytic  aaabraao  aa  tho  aaodo 
through  which  gaseous  hydrocan  la  forood  ao  that  It  lanlaaa  on  tho  oloetrolyto  aldo.  In  tho 
tJ.S.  version  thla  aaabraao  eonalatad  of  a  polyathylana  aulphonatad  atyrana  baaa  oarryinc  a 
layar  of  platinum  -  10>t  rhodlua  and  activated  with  platlnlaad  pla tlnun .  la  tho  Britiah 
version  It  «aa  a  poroua  P.T.C.  baaa  oarryinc  a  layar  of  cold  and  activated  with  platlaua- 
earboa-  a  fual  ooll  olaotrada  developed  for  othar  purpoaaa  by  tho  Shall  Coapaay.  Both 
aaabrmnaa  haw  a  cl  ran  aueoaaaful  oparatlac  lira  a,  but  It  la  probabla  that  further  laprove- 
aaata  can  bo  lntroduood. 

It  la  oloarly  aooaaaary  to  aaparato  tho  aeidle  anolyta  froa  tha  alkallna  catholyto  and 
la  tho  O.S.  ayatoa  this  aaa  dona  by  aaploylnc  an  anion  exchange  aoabraaa  to  allow  tha  salaot- 
Ito  dlffualon  of  ohlorlao  Iona  to  tha  aaodo,  to  balaneo  tha  hydrogen  ions  produoed  thara. 

A  cation  aoabraaa  was  usad  la  front  of  tha  atalnlass  a  tool  oathoda  to  allow  selective 
diffusion  of  aodlua  Ions  to  tha  oathoda  ooapartaant.  Tha  uaa  of  tho  oatloa  aoabraaa 
faollltatas  tha  production  of  aa  alkallna  atroaa  froa  tha  oathoda  oeapartaont  and  thla 
strsaa  oaa  bn  uaad  to  aofton  tho  aaa  water  Intake  to  tho  oalls  and  prswont  foulinc  of  tho 
alsotrodo  ooapartaaata  by  precipitated  magnesium  and  oalelva  aalta.  By  1969,  the  Aaorleaa 
ayatoa  was  in  ooaaardal  operation,  two  oalla  ha  vine  boon  daralopad  with  oapaoltles  of 
6,000  and  50,000  callosa  par  day  of  product  with  aa  acidity  equivalent  to  about  0.15  nomal 
hydrochloric  sold,  at  a  power  oonsuaptlon  of  2.5  Kw  hr/1000  callona. 

Tha  Britiah  ooll  la  still  la  tho  daralopasat  stacs,  tha  doralopaaat  balac  aharad  batwaaa 
INI  ltd.,  Kara  ton  Excelsior  Ltd.  and  Constructors  John  Brown  Ltd.  It  adopts  a  alapler  aystan 
la  that  anolyta  and  catholyto  are  asperated  only  by  a  reran  cl***  cloth  aoraan.  Bo  attanpt 
la  aada  to  produos  a  useable  alkallna  eatholyte.  Foully  of  tha  oathoda  oeapartaont  is 
avoided  by  solsetlnc  a  suitable  caoaatry,  with  ao  atacnant  areas  and  with  hlch  re  tec  of  flow  of 
alectrolyte.  Aa  already  lndl oated.lt  onploys  a  different  eata lytic  aaodo  aeabxana  froa  lha 
Aaarloan  call.  A  anall  doralopaaat  sisad  ooll  ha  a  operated  successfully  for  6000  hours, 
product  aa  sold  alaotrslyta  at  a  pH  of  batwaan  2.5  and  5.0  at  a  roluas  of  160  cpd 
Based  upon  this  British  ea parlance  It  Is  ostlaatod  that  ooaasrolal  quantities  of  acid  elect¬ 
rolyte  at  a  roluas  of  ona  Billion  csllsaa  per  day  could  be  prods ood  at  a  oost  of  rather  lass 
than  4  ■**  panoa  par  thousand  c*U*m,  lneludiaf  capital  aaortlnatloa  of  tho  plant. 

Thla  eye  tea  of  Bold  production  froa  sea  water  la  clearly  atill  la  the  early  etacos  of 
dsvolo^ent  and  improvement  la  tha  deolcn  and  operation  of  tho  oalla  are  certainly  possible 
and  wedi  bo  eaeoaracod  as  tha  oonaerelal  adrantacoa  boooae  boo  appreciated. 

Tfaf  ftrtftHttw  9 1  fMt  9bmm 

Althouch,  as  yet,  there  aeaaa  little  ocaaercial  daaand  for  the  la  situ  pteduotlon  of 
pure  oxyfsn  froa  aoe  water,  tho  lncroaalnc  use  of  the  aoa  aay  ultimately  require  this  sort 
of  derelojaent.  Virtually  aa  aa  exercise  la  the  versatility  of  tho  application  of  oloetro- 
ohealatry  to  sea  water  ays  tees,  an  experiaental  ooll  was  constructed  at  INI  Witten,  la 
whleh  aeoaaa  of  fresh  aoa  water  to  tho  ooll  la  restricted,  allowing  the  aaedlo  oxidation 
of  ohlorlao  to  proceed  quickly  through  all  tha  oxidation  states  to  perchlorate  l.o. 

Cl" - C1<T -  C105"—  C104- 

Once  tho  final  oxidation  proooos  to  C10.~  Is  c«a plats,  tho  oxygen  current  efficiency  rises 
to  1000.  4 

Tho  ooll,  of  fairly  elaplo  00 ns  traction,  oonslsta  of  a  low-voltage  platinised  tltaalua 
aaodo  separated  froa  a  stainless  stool  gaakat  aad  divided  into  two  ocapartaents  by  aoaaa  of 
a  glass  doth  soreen  to  sopaxuto  oxygon  from  hydrogen.  A  temperature  of  6<PC  Is  salntslnsd 
aad  tha  osll  operated  at  a  current  denelty  of  *0-50  aape/da r  at  20  V  .  The  hot  oloetrolyto 
Is  punped  continuously  around  tho  circuit  aad  cooled  before  re- injection  into  the  ooll. 

(The  nunbere  in  parentheses  refer  to  tho  Hat  of  references  at  tba  oad  of  this  paper) 
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Th«  volume  of  this  experimental  coll  ia  170  al  and  electrolyte  la  replenished  at  a  rata  of 
7  ala  par  hour. 

Oxidation  of  Cl1  to  CIO.1  ia  raatrlctad  by  aoaa  cheat  cal  reduction  at  the  cathode  and 
to  a  largo  extent  this  can  be  countered  by  the  addition  of  dichroaate.  Such  an  addition 
certainly  lncreaaea  the  apaad  at  which  gaaaoua  la purl tie a  in  the  oxygon  are  brought  to  a 
low  level.  The  main  gaaaoua  iapuritiee  are  chlorine  and  02 one  and  with  a  dichroaate  addition 
of  2  gw  litre  theae  are  brought  down  to  a  level  of  0.01$  v.v.  within  twelve  ninutea.  The 
very  aaall  amount  of  reaidual  chlorine  can  be  removed  by  uae  of  the  conventional  alkaline 
abaorbents  and  osone  by  paaaage  through  a  D8GX0  catalyst.  During  the  first  hour  operation 
of  the  cell,  the  pH  value  of  the  electrolyte  risen  to  a  level  of  about  11,  and  there  ia 
sons  precipitation  of  calciun  and  nagnealun  salts,  which  will  have  to  be  renoved  in  further 
development  of  the  system.  Although  clearly,  nuoh  further  development  ia  required  this 
preliminary  investigation  into  oxygen  generation  fron  sea  water  denonstratee  that  a  feasible 
system  for  the  production  of  pure  oxygen  from  sea  water  ia  possible. 

Conclusion 

There  la  much  evidence  of  an  increasing  impetus  to  take  advantage  of  the  natural 
resources  available  in  the  oceana,  and  it  is  to  be  hoped  that  the  information  summarised 
in  this  broad  survey  has  pointed  the  direction  in  which  there  are  likely  to  be  further 
uses  of  electrochemistry  in  the  marine  field.  The  existing  experience  with  hypoohlorlte 
cells  could  constitute  the  fore-runner  of  further  vigorous  developments  And  it  could  veil 
be  that  a  new  industry  in  marine  electrochemical  engineering  is  taking  root. 
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Impressed  Current  Cathodic  Protection 
as  Applied  to  Desalting  Plants 


6.  Dittmeier  and  P.  Byrne 
Bum  and  Roe,  Inc. 

P.0.  Box  663 
283  Route  #17  South 
Paramus,  N.J.  076S2 


The  Clair  Engle  desalination  plant  located  in  Chula  Vista,  California, 
is  a  multi-stage,  multi-effect  flash  distillation  plant  operating  up  to 
280*F  <137. 78*0.  The  first  effect  steel  recycle  line  carries  hot,  concen¬ 
trated  brine  from  various  parts  of  the  I  Effect  at  temperatures  around 
225*F  (107.22*0  and  velocities  of  2-1/2  -  6  ft/sec  (.762  -  1.63  meters/sec). 
The  corrosion  rate  in  this  pipe  is  about  60  mils  (1.538  millimeters/year) 
per  year  with  much  greater  corrosion  at  impingement  points,  especially 
elbows.  Accordingly,  this  133  feet  (40. 54  meters)  of  16  inch  (.406  meters) 
nominal  diameter  piping  is  subject  to  numerous  corrosion  failures  at 
impingement  points  after  around  two  years  of  operation.  Also,  the  general 
corrosion  will  approach  the  maximum  allowable  for  piping  carrying  22S*F 
water  at  40  psi  (2.8  kgm/sq  cm)  pressure  in  this  time. 

It  was  decided  to  evaluate  the  effectiveness  of  an  impressed  current 
cathodic  protection  system  to  protect  this  pipe  after  intermittent  operation 
for  1-1/2  years.  An  impressed  current  system  is  the  only  type  of  cathodic 
protection  that  would  provide  sufficient  current  density  to  adequately 
protect  the  above  piping.  Impressed  current  cathodic  protection  systems 
have  been  successfully  applied  to  marine  environments  in  the  past  (1,2, 3,4).* 
Application  of  this  technique  to  hot  brine  in  desalination  plants  has  had 
limited  application  due  to  the  estimated  high  current  requirements.  (3,4) 

Equipment 

The  importance  of  constant  protection  and  low  maintenance  costs  has 
resulted  in  the  selection  of  the  automatic  potential  control  (APC)  system 
for  protection  of  steel  in  a  hot  brine  environment.  This  system  has  been 
described  in  the  literature  (3)  and  consists  of  a  DC  power  supply,  inert 
anodes,  reference  cells,  and  a  potent iostatic  controller  as  shown  in  Figure 
lb.  These  components  are  interrelated  as  follows  to  achieve  the  objective 
of  maintaining  a  protection  fixed  potential  on  the  steel  surface  (vs.  the 
Ag/AgCl2  reference  cell):  the  potentiostatic  controller  is  fixed  at  the 
desired  automatic  control  setting  (usually  0.85-0.9  V  vs.  the  Ag/AgCl2 
reference  cell);  the  DC  current  supply  furnishes  sufficient  current  to  the 
"inert"  platinised  titanium  electrodes  to  maintain  the  above  potential 
setting;  the  Ag/AgCl2  control  reference  cell  electrode  signals  the 
pofcentiostat  so  that  the  correct  current  is  supplied  to  maintain  the 
potential  setting;  the  auxiliary  reference  cell  electrode  checks  on 
protective  voltage  conditions  down  the  line. 


'The  numbers  in  parentheses  refer  to  the  list  of  references  at  the  end  of 
this  paper. 


338 


Environment 


The  above  automatic  potential  control  system  was  installed  in  133 
feet  of  16  inch  diameter  carbon  steel  piping  in  the  Clair  Engle  (desalin¬ 
ation)  plant  (CEP)  located  in  San  Diego,  California.  A  portion  of  this 
installation  is  shown  in  Figure  la.  The  brine  conditions  are  as  follows: 
temperature  202-241*F  (94.44-116.11*0,  concentration  1.2  that  of  sea  water, 
velocity  2-6  ft/sec  (.610-1.83  meters/sec).  Detailed  data  on  the  six 
applications  are  given  in  Table  1.  The  sea  water  chemical  composition, 
pertinent  to  its  corrosivity  was:  Oo-lO  ppb* ,  Cu-0.75  ppm,  Fe-0.6  ppm.  The 
brine  was  treated  to  achieve  low  alkalinity  Ci.e. ,  low  carbonate  content) 
at  a  final  pH  in  a  range  close  to  neutral  (6. 8-7.1). 

Purpose 

The  purpose  of  the  APC  CP  installation  in  the  above  plant  and  environ¬ 
ment  was  to  establish:  a)  the  effectiveness  of  the  system  in  reducing  the 
prevalent  high  steel  corrosion;  b)  the  operating  and  maintenance  character¬ 
istics  of  the  unit;  c)  the  economics  of  the  unit  vs.  other  means  of 
protection— based  on  (a)  and  (c)  and  cost  background. 

Preliminary  Design  Studies 

Preliminary  to  the  design  of  the  above  installation,  certain  laboratory 
studies  were  conducted  which  showed  that  the  initial  polarizing  current 
densities  for  steel  range  from  8  to  above  200  ma/sq  deem.  Curve  "a"  in 
Figure  3  shows  laboratory  data  on  the  affect  of  velocity  on  current  density 
requirements  for  protecting  steel  with  a  potent ios tat ically  controlled 
potential  of  0.9  V  (vs.  the  Ag/AgCl2  cell).  These  conditions  were  on 
new  steel  at  about  85*F  (29.44*C)  in  artificial  sea  water.  Note  the  sharp 
rise  in  current  requirements  above  velocities  of  1  ft/sec  (.3048  meters/sec). 
For  comparison,  similar  data  cupro-nickel  and  aluminum  were  plotted  in  a 
similar  fashion,  as  shown  in  curves  b  and  c  in  Figure  3.  Note  the  lower 
current  density  requirements  to  protect  aluminum  alloys  vs.  more  noble 
metals.  Conditions  were  the  same  as  for  the  steel  specimen.  Figure  5 
shows  the  effect  of  different  control  potential  levels  on  current  density 
requirements  vs.  velocity.  Here,  it  is  intsresting  that  again  above  1  ft/sec 
there  is  little  difference  in  current  requirements  at  various  potential 
settings.  Figure  4  is  a  plot  of  data  obtained  on  the  effect  of  brine 
temperature  on  current  density  requirements  for  steel  under  0.9  V 
potent iostatic  control.  Here,  the  effect  of  temperature  on  current  density 
requirements  for  steel  becomes  very  significant  above  150*F  (65.66*0. 

Figure  2  shows  the  effect  of  salinity  on  current  density  requirements. 

The  effect  of  salinity  is  less  marked  than  that  of  temperature  velocity. 

Design  Details,  Initial  Operation  Characteristics 

Based  on  the  above  data  (Figures  2-5)  for  steel,  design  estimates 
were  made  on  the  current  density  requirements  on  new  steel  for  the  various 
units.  These  estimates  are  illustrated  in  Table  1  which  gives  data  on  each 
application  along  with  environmental  background  information.  The  actual 
current  density  requirements,  after  a  break-in  period,  are  shown  in  Table 
2.  Overall,  the  initial  design  estimates  for  current  density  requirements 
were  1150  ma/sq  ft  to  2,460  ma/sq  ft  (123.79  to  above  264.8  ma/sq  deem). 

As  can  be  seen  in  Table  2,  design  estimates  of  current  were  on  the  order  of 
two  times  too  high.  This  is  to  be  expected  since  the  polarizing  effect 
of  cathodic  coating  depositions  is  not  predictable. 


’parts  per  billion 
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Table  1,  also  prasants  data  on  ractiflar  sizing  (maximum  and  minimum 
amparaga  capacity  at  12.5  V).  Other  design  criteria  were  number  and  type 
of  anodes,  spacing  of  anodes,  and  the  location  of  the  reference  cells. 

The  laboratory  data  on  steel  shown  on  Figures  1-4  plus  proprietary  data 
derived  from  experience  formed  the  basis  for  the  CP  design:  anode  spacing 
of  two  feet,  reference  cell  to  nearest  anode  distance  of  about  20  inches 
(.508  meters).  Too  great  a  distance  results  in  over-protection.  The  inert 
anode  selected  was  platinized  titanium  with  a  large  area  to  achieve  low 
resistance.  Laboratory  tests  showed  low  abrasion  damage  at  prevalent  sea 
water  velocities  (5  ft/sec  or  1.524  m/sec)  even  in  the  presence  of  silica 
grit  which  ruined  a  pump.  Among  common  anode  materials,  graphite,  high 
silican  iron,  lead-silver,  platinum  surfaced  anode  materials  have  an 
operating  cost  of  about  1/4  that  of  the  nearest  competitor  (lead-silver). 

The  Ag/AgCl]  reference  cell  was  selected  based  on  experience  in  sea 
water  cathodic  protection  applications  as  this  cell  is  least  affected  by 
pollutants  such  as  organic  matter  normally  found  in  sea  water. 

The  rectifiers  incorporated  excess  capacity  to  allow  for  current 
demand  surges  during  startups.  A  breaker  system  and  a  current  limiter  were 
incorporated  to  prevent  damage  to  rectifier  components  when  current  demand 
was  unusually  high. 


Operation  and  Assessment 

Figure  la  shows  a  typical  configuration  of  piping  being  protected 
with  anode  and  reference  cell  spacing,  and  coupon  locations  shown.  Assess¬ 
ment  of  corrosion  was  done  by  three  methods:  ultrasonic  wall  thickness 
measurements,  weight  loss  on  steel  coupons  (coupled  and  insulates),  and 
instantaneous  corrosion  rates  by  polarization  current  measurements.  The 
last  method  was  later  abandoned  due  to  current  interferences. 

The  APC  cathodic  protection  apparatus  as  shown  in  Figure  lb  schematic 
was  operated  as  follows:  the  protection  setpoint  (automatically  controlled) 
was  established  at  0.8-0. 9  volts,  initially.  The  current  limiter  was 
adjusted  so  that  the  circuit  breakars  would  operate  at  the  capacity  level 
of  the  rectifiers.  The  system  is  only  operated  when  the  pipelines  are 
flooded.  With  switches  on,  the  APC  system  automatically  controls  the  set- 
point  voltage  supplying  the  necessary  current.  The  six  applications  in 
the  system  are  monitored  3-4  times  a  day  as  follows:  a)  the  control  set- 
point  voltage  is  checked;  b)  the  actual  control  reference  cell  and  the 
auxiliary  reference  cell  readings  are  taken  and,  c)  the  amperage  drawn  is 
recorded.  The  reference  cell  readings  will  often  vary  from  that  of  the 
control  voltage  setting,  particularly  the  auxiliary  cell  which  is  positioned 
further  away  from  the  control  reference  cell.  Differences  indicate 
degrees  of  under  overall  protection  and,  accordingly,  these  are  indications 
of  how  well  the  automatic  potential  control  system  is  functioning.  Occasion¬ 
ally,  reference  cells  must  be  cleaned  or  replaced,  otherwise  operating  and 
maintenance  labor  is  low  on  'che  APC  compared  to  manual  systems. 

However,  although  the  operating  costs  are  lower  than  the  manual  type 
cathodic  protection  system,  the  capital  cost  is  higher  because  of  the 
extra  electronic  equipment  required  for  automation.  On  balance,  the  APC 
unit  is  less  costly  than  a  manual  system  due  to  labor  savings  and  better 
cathodic  protection  control  providing  the  system  is  operated  8  years  or 
longer. 


Results  -  Operational 

The  experience  with  the  equipment  after  1-3/4  years  operation  has  been 
on  the  overall  satisfactory.  Specifically,  the  following  operating  exper¬ 
iences  was  had  on  each  component: 
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a.  Anodes  -  No  problems  or  replacements  to  date. 

b.  Reference  Cells  -  The  most  bothersome  malfunction  in  the  system 
(as  described  above)  is  where  control  conditions  are  not  maintained 
due  to  reference  cell  pluggage  or  deterioration.  Here,  reference 
cell  potential  is  much  below  the  control  setting  and  current  draw 
consequently  is  much  too  great.  This  situation  is  correctable  by 
cleaning  or  replacing  the  reference  cell.  It  is  hoped  that  re¬ 
designing  of  the  reference  cell  will  overcome  this  problem.  At 
the  minimum,  retractable  type  cells  are  required. 

c.  Often  reference  cell  and  resulting  control  malfunctions,  particular¬ 
ly  after  startups,  were  self-correcting  requiring  none  of  the  work 
described  under  (b)  above. 

d.  Only  one  type  of  malfunction,  premature  breaker  tripping  or  failure, 
was  experienced  with  the  rectifier  system.  This  problem  was 
temporarily  overcome  by  raising  the  set  potential  gradually.  The 
faulty  breakers  will  be  replaced. 

Current  Requirements  vs .  Time  -  Figure  6 

Figure  6  shows  current  draw  vs.  time  for  Application  12  for  eleven 
months.  These  data  indicate  the  following:  current  requirements  after 
startup  drop  with  time  to  values  1/2  -  1/6  these  at  startup;  each  shutdown 
and  restartup  greatly  increases  current  demands  which  again  drop  to  much  lower 
values;  the  final  current  after  eleven  months'  demand  is  not  any  lower 
than  a  minimum  point  after  one  month. 

Operating  Data 

Table  2  summarizes  some  typical  operating  data  on  the  APC  cathodic 
protection  system.  Minimum  operating  current  densities  after  three  and 
six  months  reflect  the  drop  in  current  requirements  due  to  polarizing  scale 
build-up.  However,  as  can  be  seen  in  Figure  6,  operating  currents  vary 
widely  depending  on  how  soon  after  a  shutdown  the  data  is  taken. 

Corros ion 

The  corrosion  prevention  results  of  operating  the  cathodic  protection 
system  are  shown  in  the  following  three  tables.  Table  3a  shows  the  corrosion 
results  for  the  first  period  at  the  potential  setpoints  illustrated.  The 
methods  of  assessment  are  by  ultrasonic  wall  thickness  and  coupon  weight 
loss.  Here,  the  corrosion  protection  given  by  the  CP  system  was  excellent, 
a  reduction  in  weight  loss  from  50  mpy  to  5-8  mpy  (1.282  to  .128-. 205 
millimeters  per  year).  The  current  density  requirements  ranged  between 
870  and  1420  ma/sq  ft  (93.65  and  152.85  ma/sq  dm)  (vs  1150  and  2460 
ma/sq  ft  (123.79  and  264.80  ma/sq  dm)  in  the  original  estimate). 

The  corrosion  results  during  the  second  phase  were  not  as  favorable. 

Here,  as  shown  in  Table  3b,  the  potential  setpoint  was  lowered  in  accordance 
with  the  assumption  that  the  heavy  scaling  found  would  be  protective.  The 
weight  loss  data  was  practically  useless  due  to  semi-conductive  scale 
bridging  between  the  coupon  and  the  pipe  wall.  The  ultrasonic  thickness 
results,  as  shown  in  Table  3b,  indicate  poorer  corrosion  protection  than 
with  the  higher  potential  setpoints.  The  setpoints  were  then  raised 
back  to  close  to  the  original  points.  The  corrosion  results  are  shown 
in  Table  3c.  Here  it  is  apparent  that  the  higher  setpoints  are  not 
consistently  more  protective.  The  results  from  this  experiment  were 
inconclusive.  There  appears  to  be  no  advantage  to  operating  at  lower 
potentials  particularly  when  there  was  no  consistent  drop  in  current  density 
requirements.  As  can  be  seen  by  Figure  4  mentioned  earlier,  a  higher 
potential  does  not  increase  current  requirements  greatly  at  velocities 
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above  4  ft/sec  (1.219  ■/■•€). 


The  effect  of  various  achieved  steel  potentials  vs.  Ag/AgCl2  cell  on 
pipe  corrosion  is  summarised  in  Figure  7.  Potentials  below  730  mv  do  not 
achieve  adequate  protection  whereas  potentials  above  about  900  mv  do  not 
achieve  increased  protection. 


Scale 

The  heavy  scale  deposition  on  all  the  steel  surfaces  resulted  from 
reduction  of  dissolved  Cu  and  Mg  coaiponents  in  the  sea  water  (levels  were 
0.7S  and  4250  ppm,  respectively).  The  scale  composition  was  68%  Cu  and 
24%  Mg(0H>2  at  an  average  thickness  of  3/8  inches  (.114  meters)  after  1-1/2 
years  of  operation  of  the  CP  unit.  It  was  thought  that  this  scale  was 
formed  due  to  over-protection  on  the  unit  initially  (setpoint  voltages  of 
0.9  V)  and  that  the  protection  could  be  reduced  as  a  result  of  this  scaling. 
This  has  not  proven  to  be  quite  the  case  although  the  scaling  appears  to  be 
continuous.  The  scale  is  conductive,  however,  with  a  resistance  of  only 
100  ohms  on  a  3/8  inch  thick,  1  inch  (.0254  meters)  square  distilled  water 
saturated  specimen. 


Summary  and  Conclusions 


Corrosion  Protection 


Overall,  the  unit  has  provided  excellent  protection  of  the  steel  piping 
as  evidenced  by  the  UT  wall  thickness  measurements  and  the  notable  lack 
of  piping  failures  at  high  velocity  points  (e.g. ,  elbows).  There  have  been 
many  failures  on  unprotected  steel  piping  in  a  similar  environment. 

Operational  Problems 

As  can  be  seen  in  the  below  conclusions  on  economics,  maintenance  was 
a  major  econoadc  factor.  This  was  due  to: 

a.  The  need  for  a  once  per  day  minimum  monitoring. 

b.  Periodic  reference  cell  cleaning  or  replacement  (labor  a  large 
factor  here).  The  reference  cells  fouled  every  3-4  months.  One 
electrode  failed  in  1-1/2  years. 

c.  Occasional  electrical  work--usually  circuit  breakers  and  wiring 
repair. 

Effect  of  Cathodically  Deposited  Coating 

The  coating  (Cu  and  Mg(0H)2  deposited  on  the  cathodic  (pipe  wall)  did 
not  materially  reduce  cathodic  protection  power  requirements.  However, 
the  data  does  indicate  that  the  coating  formed  during  the  initial  operation 
of  the  CP  unit  did  reduce  current  density  requirements. 

Use  of  Steel  Coupons  tc  Monitor  Corrosion 

Due  to  the  above  coatir  .  i<-  position ,  weight  loss  data  from  steel  coupons 
no  longer  were  a  valid  method  of  measuring  the  effectiveness  of  C.P.  after 
eight  months  of  operation.  This  left  ultrasonic  measurement  of  pipe  wall 
thicknesses  as  the  only  useful  method. 

Current  Density  Requirements 

Current  density  requirements  were  very  high,  as  expected,  but  not  as 
high  as  originally  predicted  based  on  laboratory  work.  Current  density 
drops  gradually  with  operating  time  but  reverts  to  much  higher  values  after 
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a  shutdown  of  more  than  2-3  days 


Economics 


A  preliminary  economic  analysis  was  carried  out  to  complete  this  study. 

In  summary,  the  cathodic  protection  system  described  above  is  uneconomical 
compared  to  substituting  a  proven  corrosion  resistant  material  piping 
material  such  as  copper-nickel  for  steel.  However,  the  economical  study 
made  is  based  on  a  custom  built  experimental  unit.  The  capital  costs  of 
this  system  do  not  necessarily  reflect  the  true  cost  of  an  optimum  commercial 
unit  which  would  incorporate  the  benefit  of  design  and  maintenance  economics 
derived  from  the  operating  experiences  described  above. 

The  results  of  this  economic  study  are  given  in  Table  4.  The  cost  of 
protection,  based  on  a  20  year  amortisation,  is  $4.66/sq  ft/yr  ($50.16/sq 
meter/yr)  compared  to  6l.35/sq  ft/yr  ($14.53/sq  meter/yr)  for  copper-nickel 
10  piping  substituted  for  steel.  The  principal  cost  factor  for  the  CP 
unit  was  initial  capital  cost,  including  installation,  closely  followed  by 
maintenance  costs.  Power  costs  provsd  to  be  of  considerably  less  importance — 
a  surprising  development  since  current  density  requirements  were  unusually 
high. 
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Design  and  Environmental  Criteria  -  16  Inch  Applications  Under  C.P 
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Design  and  Operating  Data  -  CP  Systeai 


Cathodic  Protaction  Syatan  -  Corrosion  Data 
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TABLE  4 


Economic  Analysis  of  Impressed  Currant 
C.P.  System  Vs.  Cu-Ni  lo  Piping 


Basic  Assumptions 

Piping  Araa  Protactad  -  51.6  sq.  maters 
Total  Langth  of  .4B  N  Noai.  Piping  -  40.5  motors 
Langth  of  Amortisation  -  20  yasrs 
Cost  of  Elaetricity  -  10  par  Kv  Hr. 

C.P.  Systam  Voltaga  -  11V 

Conversion  Factor,  AC  to  DC  -  1.21 

•  of  Oparation/Yr  -  00%  or  6960  Hours  Opar/Yr 

Operational  Pata/Yaar 

Avg.  Current  Draw  par  Unit  -  50  A 
No.  Units  -  6 

Cost  of  Maintenance/Yrt  (a)  Manpower  (6%  man)  ■  >  800 

(b)  Materials  ■  200 

Total  $1,006 

Amortised  Cost  of  Installation  -  >26,000  ■  $1,300/Yr. 

2b  Yrs. 


Power  Coats 

60  A  x  11  V  x  1.21  x  6  units  x  6960 

Total  Coeta/Year 

C.P.  Unit 

>1,000 

1,300 

300 

I7TTW  or  >50.16/aq  matar/yr 


Hr.  x  lC/Kw  Hr  ■  *  >300 

Cu-Nj  weplac.  (coat  above  ataal) 

>15,000  -  >7,500 Ar  or 
20  Yrs. 

>14.53/sq  matar/yr 
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FIGURE  5 
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Achieve*!  Kiwi  rode  Potential  •  MV-VS  Ar/Ar  Cl 


Discussion 


Agawalli  What  would  be  the  economics  if  you  scale  it  up? 

Dittmeier;  Well,  the  economics  would  improve  to  some  degree.  I  frankly  do 
not  think  that  it  would  be  economical  even  on  a  larger  scale  compared  to 
replacing  the  copper  nickel  pipe.  It  would  just  go  in  improving  direction, 
that's  all. 

Morgans  In  installing  this  system,  you  installed  a  very  large  capacity 
to  get  immediate  polarization  and  the  cost  of  this  current  is  related  to 
the  amount  of  current  it  will  deliver  and  not  the  continuous  charge  that 
comes  out.  It  seems  to  me  that  you  could  have  effected  an  economic 
saving  by — and  reduced  the  cost  of  the  plant — to  about  a  third.  Why 
did  you  place  the  anodes  so  close  together  in  such  low  resistivity  sea 
water  and  why  did  you  install  capacity  for  immediate  polarization? 

Dittmeier:  I  would  prefer  that  Mr.  Byrne  answer  that  question  because 

he  is  the  designer. 

Byrne s  We  have  had  previous  experience  with  LSW  desalting  plants  and  they 
are  primarily  designed  for  expert  me.  tal  evaluation.  It  is  quite  coirmon  to 
have  the  plants  start  up  and  shut  down  several  times  a  day.  The  plants 
are  drained.  If  you  do  not  have  a  system  that  is  going  to  achieve  a 
polarization  within  a  relatively  shoit  period  of  time,  you  don't  get 
anywhere  near  the  90«  reduction  corrosion  rate.  Secondly,  the  data  that 
had  been  available  indicated  very  high  current  densities  and  we  installed 
a  number  of  anodes  with  the  possibility  then  of  removing  anodes  once  they 
were  in  service.  The  initial  data  taken  in  aerated  sea  water  indicated 
that  at  a  240*F  and  seven  or  eight  feet  per  second  you  needed  something  of 
the  order  of  2000  milliamps  per  square  feet  in  order  to  achieve  immediate 
polarization.  It  is  true  the  system  did  operate  at  roughly  one-third  the 
installed  capacity,  but  the  installation  cost  equalled  the  cost  of  the 
system  and  would  not  have  been  greatly  reduced  by  reducing  the  amount  of 
amperage  installed.  If  you  look  at  the  paper,  you  will  see  6«  of  a  man- 
year  is  worth  $1,000.  Labor  costs  for  installation  and  maintenance  of 
this  system  are  very  high  in  the  United  States.  I  do  not  believe  this 
may  be  true  all  over  the  world.  So  this  essentially  was  a  plant  that 
was  installed  with  the  idea  of  achieving  a  90t  reduction  because  previous 
installations  have  always  been  installed  on  a  lower  capacity  and  for  one 
reason  or  another  could  not  achieve  polarization  and  could  not  in  fact 
prove  that  cathodic  protection  is  at  all  practical  at  240*F  and  seven  or 
eight  feet  per  second. 

Cohens  I  wonder  if  we  can  have  Table  <  repeated  which  was  the  last  slide. 

I  think  there  was  an  arithmetical  and  based  on  that,  I  wonder  if  that 
affected  the  last  number  *hich  you  disclosed. 

Dittmeier:  That  number  has  been  corrected.  The  final  number  has  been 
corrected.  I  know  there  were  errors  in  it. 

Walsh,  Naval  Ship  Engineering  Center:  I  have  one  question.  You  had  stated 
earlier,  this  was  a  thousand  gallon  per  day.  Isn't  this  a  thousand  gallon 
per  minute? 

Dittmeier:  I'm  sorry,  a  million  gallons  per  day. 

Walsh:  The  other  question  would  com  up.  You  said  you  need  instantaneous 
polarization  because  of  the  saline  water  office  start  ups  and  shut  downs. 

On  that  basis,  if  you  go  into  a  real  plant  that  is  going  to  be  producing 
for  24  hours  a  day  for  20  years  you  do  not  need  this  sort  of  cathodic 
protection  and  it  would  be  cheaper  in  the  long  run  if  you  could  go  to  the 
long  term  passivated  system.  So  it  could  be  economically  feasible.  Right? 
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Dlttmeier:  Yea.  You  could  reduce  the  siting  of  rectifiers  and  number  of 
anodes  in  a  continuously  operating  plant  because  you  would  not  need  such 
a  high  current  demand  all  the  time  at  each  new  start  up.  That  is  correct, 
but  unfortunately  most  of  the  desalination  plants  in  the  world  do  not  wort 
very  long  before  they  shut  down. 
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METHODS  OF  CONTROLLING  MARINE  FOULING  IN  DESALINATION  PLANTS 


D.  C.  Mangum,  B.  P.  Shepherd,  end  J.  C.  Williams 
Dow  Chemical  U.  S.  A.,  Texas  Division  77541 


Preliminary  results  have  been  obtained  from  a  study  of  the  feasible 
and  economical  methods  of  preventing  marine  fouling  In  desalination 
plants.  The  study  Is  being  done  under  contract  with  the  Special 
Projects  Division,  Office  of  Saline  Water,  U.  S.  Department  of  the 
Interior.  Experimental  assessment  of  fouling  Is  being  made  under 
simulated  operating  conditions  employing  control  by  water  velocity. 
Intermittent  chlorination,  Intermittent  heating,  and  toxic  surfaces. 

Velocity  tests  are  being  made  by  running  seawater  taken  from  the 
Gulf  of  Mexico  through  3,  4,  5,  and  6-  Inch  pipes  In  series. 

Each  pipe  has  one  section  of  bare  steel  pipe  and  one  of  saran-llned 
pipe.  The  velocities  are  1.7  to  6.8  fps.  When  the  flow  rate  In 
the  pipe  Is  near  the  maximum  at  which  organisms  attach,  which  has 
been  determined  as  approximately  3.5  fps,  the  lined  pipe  Is  fouled 
much  less.  The  exfoliation  of  the  unllned  pipe  produces  areas  where 
the  surface  velocity  Is  less,  thus  permitting  larvae  to  settle. 

The  other  tests  are  being  conducted  by  placing  3”  by  12"  asbestos- 
cement  panels  In  troughs  containing  flowing  seawater  with  approp¬ 
riate  experimental  conditions.  For  the  Intermittent  chlorination 
tests,  four  factors  are  being  Investigated:  chlorine  residual, 
cycle  time,  chlorination  time,  and  water  velocity.  Initial  results 
show  that  shorter  cycle  time  and  Increased  chlorination  time  are 
Important  factors  In  effective  control.  Another  Important  feature 
Is  that  continuous  or  frequent  exposure  results  In  a  brown  residue 
forming  on  the  surface.  This  residue  Inhibits  the  fouling  organism 
larvae  from  attaching.  Three  variables  are  being  evaluated  with  the 
heat  tests:  cycle  time,  heating  time,  and  water  temperature. 

Results  of  the  first  phase  show  that  cycle  time  and  the  time  In  the 
heated  water  are  more  Important  than  the  comparative  water  tempera¬ 
tures,  as  long  as  It  Is  30°F  above  ambient.  Three  materials  are 
being  used  as  toxic  surfaces:  90-10  copper-nickel  sheeting  and 
two  anti  fouling  paints.  The  copper-nickel  sheeting  shows  the  most 
effective  fouling  control.  Recommendations  are  made  for  operating 
procedures  that  will  prevent  fouling. 


Introduction 

A  study  to  Investigate  the  feasible  and  economical  methods  of  preventing  marine  fouling  In 
desalination  plants  Is  currently  In  progress  at  Dow  Chemical  U.  S.  A.  at  Freeport,  Texas. 

The  study  Is  being  done  under  contract  with  the  Special  Projects  Division,  Office  of  Saline 
Water,  U.  S.  Department  of  the  Interior.  Experimental  assessment  of  fouling  control  Is 
being  made  under  simulated  operating  conditions  by  employing  water  velocity.  Intermittent 
chlorination.  Intermittent  heatlna  and  the  Introduction  of  toxic  surfaces.  Studies  are 
being  made  on  the  chemistry  of  chlorine  In  seawater  and  the  biological  effects  of  chlorine 
in  seawater.  Upon  completion  of  analysis  and  assessment  of  the  experimental  data,  recommended 
optimum  operating  conditions  will  be  outlined  with  consideration  given  also  to  the  ecological 
Impact. 

Chlorine  Is  an  effective  method  of  fouling  control  that  has  been  In  use  for  at  least  50  years. 
A  continuous  residual  of  from  0.5  to  1.0  ppm  will  permit  complete  fouling  control.  Recent 
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studies  show  that  chlorine  may  be  deleterious  to  plankton  when  used  In  large  amounts  (1)*. 
Chlorine  Introduced  Into  water  where  there  are  organic  wastes  can,  by  reaction,  produce 
chloramines,  which  have  been  shown  to  be  harmful  to  living  organisms.  Chlorination  also 
apparently  helps  to  stimulate  attack  on  aluminum  alloys,  copper  alloys  and  mild  steel. 

Elevated  temperatures  will  kill  marine  fouling  organisms  and  heat  has  been  used  as  a  fouling 
control  procedure.  The  effect  of  heated  effluents  on  the  environment  has  been  the  subject 
of  much  study  and  debate.  Antifouling  paints  or  toxic  surfaces  that  do  not  foul  rely  pri¬ 
marily  on  the  presence  In  solution  of  certain  metal  Ions  for  their  toxic  effect.  This  method 
of  control  Is  facing  Increasing  regulation  because  of  the  Introduction  Into  the  watei  of 
these  materials.  Swifter  flowing  waters  will  prevent  the  settling  of  embryonic  forms.  The 
use  of  velocity  has  no  extended  effect  on  the  environment,  but  power  requirements  to  move 
the  water  are  Increased. 

Any  procedure  or  combination  of  procedures  used  to  control  fouling  requires  knowledge  of  the 
particular  environment  and  careful  planning  In  the  design  and  application  of  the  control 
systems . 

The  Gulf  Coast,  the  Southern  Pacific  coast  and  the  Caribbean  area  are  the  areas  of  greatest 
potential  for  shore  Installations  of  desalting  plants  (2).  It  Is  therefore  appropriate  that 
a  study  of  fouling  control  be  undertaken  In  the  Gulf  coast  region. 

Fouling  occurs  the  year  around  at  the  Freeport,  Texas,  test  site.  The  particular  types  of 
fouling  organisms  that  are  dominant  depend  upon  the  season  and  the  location.  Marine  organisms 
of  the  Gulf  of  Mexico  consist  of  species  that  are  found  In  the  temperate  Atlantic  and  the 
tropical  Caribbean  waters.  Less  than  ten  percent  of  the  species  are  endemic.  The  oyster 
Crassostrea  ylrqlnlca.  the  mussel  Brachldontes  recurvls.  serpullds,  and  amphlpods  are  pre¬ 
dominant  In  the  summer  months.  Barnacles,  bryozoans,  and  hydrolds  are  abundant  In  the 
winter  months. 


Test  Facility 

A  test  facility  was  built  at  The  Dow  Chemical  Plant  A  location  at  Freeport,  Texas,  as  part  of 
the  Office  of  Saline  Water  contract.  Feed  seawater  to  the  facility  was  drawn  from  a  large 
existing  seawater  canal  by  a  stainless  steel  supply  pump  through  a  6-1nch  suction  line. 

The  seawater  was  pumped  through  a  6-1nch  line  to  an  open  distribution  box  14  feet  long  by 
1-1/2  feet  wide  by  2-1/2  feet  deep.  This  box  served  as  a  constant  head  source  of  seawater 
for  the  test  channels.  Construction  was  of  plywood  and  lumber;  the  Inside  was  epoxy  coated. 

A  lateral  takeoff  from  the  6-1nch  supply  line  furnished  seawater  under  pressure  to  the 
velocity  test  section.  The  flow  rate  varied  from  150  to  300  gpm  as  required  to  produce  the 
desired  velocity. 

The  test  channels  were  constructed  of  plywood  and  lumber  and  epoxy  coated  Inside.  They  were 
4  Inches  wide  by  8  Inches  high,  constructed  In  pairs  and  provided  with  covers.  The  3"  by  12" 
test  specimens  were  placed  on  the  bottoms  of  the  channels  and  moved  from  one  channel  to  the 
other  as  called  for  In  the  test  schedule.  Test  channels  were  at  a  3-foot  height.  Each  set 
of  channels  was  sloped  slightly,  with  suitable  flow  straightening  vanes,  and  weirs  and 
baffles  to  control  velocity.  The  toxic  matr *1al  specimens  were  the  last  specimens  In  each 
of  the  seawater  channels.  At  the  end  of  the  troughs  the  seawater  velocity  was  4  fps.  The 
test  facility  Is  shown  In  Figure  1. 

Chlorine  was  supplied,  by  cylinder,  through  a  standard  chlorlnator.  Chlorine  from  the 
chlorlnator  passed  to  an  Injector  -  one  for  each  of  the  2  streams  -  where  seawater  from  the 
Injection  pumn  forced  the  concentrated  solution  Into  the  mixing  pump  where  the  solution  Is 
thoroughly  mixed  with  additional  seawater.  This  mixing  reduced  the  time  for  the  chlorine 
demand  to  be  satisfied  and  for  a  stable  point  of  chlorine  residual  to  be  reached.  Each 
mixing  pump  discharged  Into  a  plastic  reaction  tank  where  an  average  holdup  time  of  seven 
minutes  permitted  the  chlorine  demand  to  be  satisfied.  With  the  chlorine  residual  then 
stabilized,  the  chlorinated  seawater  flowed  by  gravity  to  the  test  channels.  Two  hot-water 
heating  tanks  with  pumps  which  circulated  water  through  the  troughs  were  supplied  so  that 
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test  specimens  could  be  exposed  to  two  different  temperatures. 

In  Phase  I  of  the  study  which  lasted  for  five  months,  the  chlorine  and  heat  studies  were  done 
on  a  2-level  and  3-level  owl tl factorial  design,  respectively.  Information  from  these  studies 
made  It  possible  to  go  to  a  2-level  factoral  design  for  both  chlorine  and  heat  studies.  In 
this  way,  those  areas  of  control  that  seem  to  be  most  promising  could  be  examined  more 
closely. 

The  test  specimens  were  3H  by  12H  boards.  In  Phase  I  these  were  A6S  samples.  In  Phase  II, 
now  underway,  they  were  black  epoxy  coated  asbestos.  These  were  moved  from  one  trough  to 
another  at  appropriate  Intervals.  The  effect  of  various  control  methods  on  the  fouling 
organisms  was  determined  by  examining  the  3"  by  12"  specimen  plates.  Each  of  the  specimens 
was  examined  and  an  assessment  made  of  the  kind  and  amount  of  fouling.  The  following 
features  were  also  noted  about  the  growth  of  the  specimens:  the  number  of  different  species, 
the  total  number  of  Individuals,  the  number  of  Individuals  per  square  Inch,  range  of  size  of 
Individuals,  and  whether  they  were  dead  or  alive.  The  velocity  pipes  were  disassembled  and 
Inspected.  The  final  evaluation  was  then  assessed  by  computer. 


Chlorine  Studies 


In  the  studies  of  the  effect  of  chlorine  addition,  four  factors  were  evaluated:  chlorine 
residual,  cycle  time,  chlorination  time  and  water  velocity.  During  Phase  I,  two  residuals 
were  used:  0.5  and  3.0  ppm.  Three  water  velocities  were  used:  1,  2,  and  4  fps.  Chlorina¬ 
tion  times  were  6,  18,  and  48  percent  of  the  total  cycle  time  of  4,  84  and  336  hours.  During 
Phase  II,  two  residuals  were  used,  0.25  and  1.0  ppm.  Water  velocity  was  2  and  4  fps. 
Chlorination  times  were  7.5  and  15  percent  of  the  total  cycle  time  of  24  and  84  hours.  The 
water  velocities  of  2  and  4  fps  that  was  maintained  In  the  troughs  would  vary  as  the  specimen 
panels  were  added  and  as  the  level  In  the  distribution  box  changed;  even  so.  It  did  provide 
a  different  set  of  conditions  to  use  with  the  chlorine  tests. 

Results  from  Phase  I  chlorine  tests  showed  that  the  cycle  time  and  interval  length  were  the 
most  important  features.  The  shorter  the  Intervals  and  the  longer  the  treatment,  the  more 
effective  the  fouling  control.  Also,  the  computer  analysis  showed  that  the  concentrations 
of  chlorine  (In  this  Instance  0.5  ppm  and  3.0  ppm)  did  not  show  much  difference  In  their 
effect.  The  higher  water  velocity  of  4  fps.  In  contrast  with  the  2  fps  velocity,  seemed 
to  enhance  the  effect  of  chlorine.  The  results  of  the  chlorine  tests  are  shown  In  Table  I, 
and  two  sample  panels  are  shown  In  Figure  2. 

The  4-hour  and  84-hour  cycle  times  were  much  more  effective  In  controlling  fouling  than  the 
336-hour  cycle  time.  In  the  4-hour  cycle,  control  resulted  when  the  plates  were  exposed 
18  and  48  percent  of  the  time.  Six  percent  exposure  at  a  4-hour  cycle  did  not  result  In 
complete  fouling  control.  For  the  84-hour  cycle  time,  fouling  control  resulted  from  exposure 
for  18  and  48  percent  of  the  time.  However,  at  6  percent  of  the  time  at  1  fps,  there  was 
a  growth  of  barnacles  that  was  moderate  to  heavy.  For  the  336-hour  cycle  time,  fouling 
control  resulted  from  the  48  percent  exposure  and  even  by  6  percent  exposure,  with  the  flow 
at  4  fps.  However,  overall  the  336-hour  cycle  time  did  not  appear  to  be  satisfactory. 

During  Phase  II  of  the  tests,  as  seen  In  Figure  3,  oysters  were  the  dominant  fouling  organism. 
The1>  growth  was  not  prevented  by  the  1-3  hour  exposure  to  chlorinated  seawater  every  24 
hours.  The  most  effective  method  of  control  was  the  12  hour  exposure  every  84  hours  In 
conjunction  with  4  fps  velocity.  However,  there  are  variations  to  the  flow  as  the  panel  Is 
added  to  the  stream,  as  would  be  true  In  actual  practice,  since  there  would  be  velocity 
variations  at  the  Joints  and  dead  spots  in  the  pipes. 

Experiments  were  run  to  determine  If  there  was  a  periodicity  to  the  barnacle  activity  that 
might  be  Interrupted  by  an  appropriate  chlorination  cycle.  However,  the  barnacle,  Bel  anus 
eburneus .  has  a  continuous  pumping-rest-pumping  cycle  that  did  not  exhibit  a  diurnal  or  tidal 
periodicity.  Addition  of  chlorine  at  any  time  would  effect  Its  activity.  Also,  an  experi¬ 
ment  was  run  to  determine  the  specific  effect  of  the  addition  of  chlorinated  seawater  on  the 
rhythmic  pumping  movements.  When  the  chlorine  was  added  the  pumping  did  continue  but  the 
rhythmlclty  was  altered  and  the  punping  stroke  changed.  The  barnacle  did  not,  however,  close 
its  shell  and  retreat  from  the  hostile  environment. 
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An  unusual  aspect  to  the  chlorine  studies  appeared  after  several  weeks.  A  brown  residue  formed 
In  the  chlorine  troughs  and  on  the  specimen  boards  that  were  put  Into  the  chlorine  frequently, 
or  for  long  periods  of  time.  The  barnacles  did  not  settle  on  these  boards.  There  was  a 
period  of  several  weeks  when  the  troughs  that  had  been  used  for  the  3  ppm  and  0.5  ppm  chlorine 
did  not  have  chlorinated  seawater  In  them.  Natural  seawater  was  run  through  all  of  the 
troughs.  After  the  first  week,  there  were  no  barnacles  In  the  troughs  that  had  been  used 
with  the  chlorinated  seawater.  There  was  a  very  noticeable  brown  residue  on  the  sides  of  the 
troughs.  The  brown  residue  from  the  surfaces  of  several  specimen  boards,  and  some  of  the 
residue  collected  from  the  chlorine  troughs  were  analyzed.  The  first  analysis  was  made  by 
Infrared  spectroscopy,  and  revealed  that  the  brown  residue  contained  silicon  dioxide  and  an 
Inorganic  carbonate.  Further  tests  made  with  a  scanning  electron  microscope  showed  a  compara¬ 
tively  high  amount  of  manganese  as  shown  In  Figure  4.  Manganese  In  the  brown  residue  was 
much  In  excess  of  any  other  substance  other  than  silicon. 

The  chemistry  of  chlorine  In  seawater  Is  very  complex  and  not  fully  understood,  but  the 
presence  of  the  brown  residue  may  be  explained  as  follows.  When  chlorine  Is  Introduced  Into 
seawater,  there  Is  a  slight  shift  In  pH,  and  the  smaller  particles  of  the  silt  tend  to  coagu¬ 
late  and  settle  out.  This  silt  Is  a  montmorll Ionite  clay  and  contains  a  certain  amount  of 
aluminum  and  magnesium.  Manganese  Is  present  In  seawater  In  the  divalent  form.  The  strongly 
oxidizing  hypochlorite  oxidizes  the  divalent  manganese  to  the  less  soluble  tetravalent  form, 
and  It  precipitates  out  with  the  coagulated  clays. 

The  exact  reason  why  the  residue  deters  the  settling  of  the  fouling  larvae  has  not  been  deter¬ 
mined.  The  residue  did  form  under  varied  conditions  of  water  turbidity.  If  It  Is  a  usual 
feature  of  the  chlorination  of  seawater,  It  would  mean  that  a  deterrent  surface  can  be  formed 
on  Intake  surfaces  by  continuous  chlorination  for  a  period  of  several  weeks  and  then  If  con¬ 
ditions  warrant  It,  Intermittent  treatment  would  control  the  fouling. 


Temperature  Effects 

Heated  water  has  been  used  In  a  number  of  Instances  to  control  fouling.  It  Is  most  often 
utilized  as  an  Intake-outfall  reversal  In  power  plants  where  there  Is  an  abundant  supply  of 
heated  water.  Heat  would  be  an  appropriate  control  measure  at  a  desalination  plant  built  In 
conjunction  with  a  nuclear  reactor. 

In  the  heat  test,  three  variables  were  evaluated:  temperature,  cycle  time,  and  heat  time. 
For  Phase  I  the  temperatures  were  102,  111,  and  1?3°F.  Cycle  times  were  336,  168,  and  84 
hours  with  1/2,  2  and  8  hour  exposure  times.  The  ambient  temperature  during  Phase  I  varied 
from  60° F  to  70°F.  Phase  II  of  the  heat  experiments  Involved  two  levels  of  temperature,  104 
and  112°F.  The  heat  cycles  were  84  and  168  hours  and  the  exposure  times  1/2  and  2  hours. 

The  ambient  temperature  during  these  tests  ranged  from  75  to  84°F. 

The  results  from  the  Phase  I  experiments  were  analyzed  by  computer.  The  amount  of  time 
exposed  to  the  heated  water  Is  more  Important  than  the  particular  temperature  If  It  Is  30°F 
above  ambient.  The  shorter  cycle  time  Is  more  effective.  For  the  102°F  heat,  the  336-hour 
cycle  did  not  give  effective  control  of  the  barnacles.  However,  the  cycle  time  of  168  hours 
and  84  hours  at  102°F,  with  exposure  times  of  2  and  8  hours  were  effective  In  controlling 
the  fouling.  The  results  with  the  111°F  and  120°F  temperatures  were  nearly  Identical  for 
comparable  cycle  and  exposure  times.  The  336-hour  cycle  resulted  In  light  fouling,  but  the 
168  and  84-hour  cycles,  even  with  1/2-hour  exposure,  resulted  In  control  of  fouling.  Two 
panels  from  Phase  I  are  shown  in  Figure  5. 

Results  from  the  first  three  months  of  the  Phase  II  tests  showed  that  the  water  temperature 
must  be  at  least  30°  above  ambient  for  control.  In  these  tests  the  panels  that  were  exposed 
to  the  104°F  water,  which  was  20°F  above  ambient,  were  fouled  by  a  number  of  oysters  that 
are  growing  quite  well.  In  fact.  It  seemed  that  the  occasional  Innerslon  In  the  warmer 
water  helped  to  remove  the  amphlpod  tubes  and  permit  the  oysters  to  grow  even  better.  The 
panels  that  were  exposed  to  the  112°F  water  were  not  fouled  as  shown  In  Figure  6.  Other 
studies  (4)  have  shown  that  for  effective  fouling  control  water  temperature  should  be  at 
least  30°  above  ambient. 
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Velocity  Studies 

If  water  Is  moving  fast  enough  fouling  Is  completely  prevented  because  the  organisms  cannot 
settle  and  are  torn  off  by  the  surface  turbulence.  This  requires  a  velocity  at  the  surface 
of  at  least  3.4  fps.  In  practice  a  velocity  In  excess  of  this  Mould  be  required  and  the 
structure  of  the  system  has  to  be  such  that  joints  and  elbOMS  do  not  provide  dead  spaces 
Mhere  the  larvae  can  attach. 

Experiments  Mlth  barnacle  larvae  shOMed  that  attachment  cannot  take  place  If  the  Mater  velocity 
at  the  Interface  surface  Is  In  excess  of  one  meter  per  second.  However,  once  the  cyprld  Is 
attached  It  cannot  be  pulled  from  the  surface  by  much  faster  velocities. 

Velocity  tests  Mere  performed  by  running  seaMater  through  3,  4,  5,  and  6-1nch  pipes  In  series 
at  a  rate  sufficient  to  provide  the  desired  velocities.  Tmo  types  of  pipe  Mere  used,  bare 
steel  and  plastic-lined  pipe.  A  turbine  floM  meter  Mas  located  betMeen  the  3  and  4-1nch  pipe 
and  the  rate  of  floM  Mas  monitored. 

During  Phase  I  of  the  velocity  tests,  there  Mas  a  floM  of  300  gallons  per  minute  through  the 
pipes  with  resulting  velocities  of  3.4  fps  to  13.6  fps.  Virtually  no  fouling  occurred.  After 
the  second  Inspection  the  floM  rate  Mas  reduced  by  half  to  150  gallons  per  minute.  This  pro¬ 
duced  a  velocity  of  1.7  fps  In  the  6-1nch  pipe  and  6.8  fps  In  the  3-1nch  pipe.  The  fouling 
Mas  controlled  by  a  velocity  of  3.8  fps  or  more  and  there  was  no  fouling  In  the  3- Inch  pipe. 
However,  In  the  4-1nch  pipe,  which  had  a  flow  rate  of  3.8  fps,  fouling  built  up  In  the  unllned 
section.  The  lined  section  of  this  pipe  at  the  same  velocity  was  not  fouled.  The  unllned 
pipe  had  begun  to  rust,  and  as  exfoliation  occurred,  an  uneven  surface  was  produced  where 
the  velocity  was  reduced  and  larvae  could  attach.  In  the  5-1nch  pipe,  with  a  velocity  of 
2.4  fps,  the  lined  section  had  much  less  fouling  than  did  the  rusted  unllned  part.  For  the 
6-1nch  pipe,  where  the  flow  rate  was  1.7  fps,  the  lining  showed  no  advantage.  Both  parts  of 
this  pipe,  lined  and  unllned,  showed  heavy  fouling  with  a  growth  of  barnacles,  bymzoans, 
hydrolds,  and  anemones,  and  all  of  the  minor  fouling  species.  These  studies  show  that  smooth 
plastic  surfaces  are  able  to  help  control  fouling  when  the  water  velocities  are  In  the  range 
of  3.5  fps  and  greater. 

Results  from  the  tests  using  toxic  materials  revealed  that  at  least  two  types  of  antifouling 
paint  tested  did  not  prevent  the  attachment  of  barnacles  after  the  first  month,  as  shown 
In  Figure  7.  The  90-10  copper-nickel  plates  prevented  fouling  except  for  a  build  up  of  amphl- 
pod  tubes. 

Application  of  Fouling  Control 

Fouling  should  be  anticipated  In  the  design  of  any  seawater  desalination  plant  and  provisions 
should  be  Incorporated  In  the  design  for  the  control  of  fouling.  Depending  upon  the  biological 
conditions  encountered  at  a  particular  site,  either  chlorination  or  heating  will  likely  be 
the  control  methods  of  choice,  possibly  assisted  by  an  Increase  In  velocity. 

Chlorination  systems  should  be  equipped  for  continuous  monitoring  of  chlorine  residuals  and 
should  be  Installed  In  such  a  way  that  complete  mixing  of,  and  diffusion  of,  the  chlorine  In 
the  Intake  water  Is  achieved.  Stagnant  areas  and  pockets  are  to  be  avoided  as  these  areas  aid 
the  attachment  of  fouling  organisms.  Smooth  plastic  lined  pipe  would  help  to  prevent 

fouling  If  the  water  velocity  Is  over  4  fps.  The  smooth  surface  of  the  lined  pipe  would  also 
tend  to  accumulate  the  Inhibiting  residue  that  Is  often  formed  when  seawater  Is  chlorinated. 

Test  blocks  and,  perhaps,  glass  sight  ports  placed  In  pipelines  will  permit  a  monitoring  of 
the  degree  of  fouling  present.  Forecasts  of  fouling  conditions  at  a  site,  based  on  fouling 
connunltles  already  present  on  submerged  structures,  or  on  the  fouling  experience  of  existing 
plants  In  the  vicinity,  are  all  subject  to  great  Inaccuracies.  Many  Instances  are  cited  of 
plants  located  close  tooether  with  very  different  fouling  problems.  The  growth  rate  of  organ¬ 
isms  In  an  Intake  tunnel  can  be  many  times  that  In  qulesco^t  waters  nearby.  There  Is  even 
the  possibility  that  the  effluent  from  the  plant  being  designed  can  alter  the  temperature 
regime  of  an  area  enough  to  make  possible  the  luxuriant  growth  of  a  fouling  organism  not 
otherwise  native  to  the  area.  The  Incorporation  of  provisions  for  fouling  controls  In  the 
Initial  construction  can  avoid  costly  corrective  construction  later. 
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Any  proposed  Method  for  controlling  fouling  In  an  Intake  pipe  should  assure  that  fouling 
growths  never  get  started.  This  control  would  need  to  start  during  the  construction  phase 
when  residual  water  In  the  partially  Installed  portion  of  the  line  should  always  be  maintained 
with  a  chlorine  residual  sufficient  to  prevent  fouling  growth.  Upon  completion  of  construction 
and  start  of  operation,  the  seawater  would  be  chlorinated  at  the  Inlet  end  on  a  continuous 
basis  for  at  least  two  months,  with  a  residual  of  about  0.5  ppm.  When  steady  plant  operation 
Is  assured,  chlorination  could  be  reduced  to  an  Intermittent  basis.  Treatment  would  depend 
on  the  season,  but  12  to  24  hour  treatment  with  1.0  ppm  every  84  hours  would  control  barnacle 
fouling.  Mussel  or  oyster  fouling  would  require  12  hours  out  of  24  for  complete  control. 

Use  of  Intermittent  heated  water  has  been  an  effective  measure  of  control  In  maqy  powerplant 
Intakes.  If  ample  heated  water  1$  available,  weekly  or  biweekly  flushlngof  the  Intake  pipe 
with  water  approximately  50°F  above  ambient,  would  control  fouling.  Any  water  temperature 
that  Is  used  should  allow  for  heat  loss  and  still  maintain  a  temperature  of  at  least  30°F 
above  ambient. 

Test  panels  In  the  Intake  should  be  watched  carefully  and  at  the  first  sign  of  fouling,  the 
frequency  of  chlorination  should  be  Increased  until  the  maximum  time  Interval  between  chlor¬ 
ination  cycles  which  would  prevent  fouling  had  been  determined.  It  will  be  necessary  to 
watch  the  test  panels  for  at  least  a  year  In  order  to  determine  changing  needs  for  the  periods 
and  lengths  of  chlorination  based  on  the  possible  seasonal  appearance  of  different  fouling 
organisms.  Even  after  a  complete  seasonal  cycle,  test  panels  should  be  watched. 

These  studies  are  still  In  progress.  More  experiments  will  be  undertaken  on  the  fouling 
organisms  and  their  response  to  various  antlfoulants.  However,  It  appears  that  until  new 
non-metalllc  antlfoulants  are  developed,  Intermlttert  chlorine  used  In  conjunction  with  a 
pipe  velocity  In  excess  of  4  feet  will  be  the  most  effective  method  of  control  both  from  an 
environmental  and  an  economical  viewpoint. 
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Discussion 

Question  :  Did  you  determine  the  chlorine  demand  curve? 

Mangum:  We  did  determine  the  chlorine  demand.  Ordinarily  in  those  waters 
it  was  about  four  parts  per  million  and  it  varied  with  the  silt  load  from 
time  to  time,  but  in  the  winter  sometimes  now  they  say  this  has  gone  as 
high  as  twelve  parts  per  million  for  a  demand,  but  I  haven't  seen  it  that 
way. 

Campbell:  I  am  very  interested  in  this  brown  scum  and  your  finding  that  it 
had  quite  a  lot  of  manganese  in  it.  Now  since  it  was  produced  by  the 
clorination,  I  suspect  that  the  manganese  is  probably  there  as  manganese 
dioxide.  If  it  is,  it  will  be  highly  cathodic  and  may  cause  quite  a  lot 
of  corrosion.  So  it  may  be  a  good  thing  from  the  point  of  view  of  keeping 
it  clean,  it  may  prove  to  be  quite  a  bad  thing  from  the  corrosion  point  of 
view,  and  it  is  something  that  may  be  or  need  a  bit  of  looking  at. 
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TABLE  1 

RESULTS  OF  CHLORINATION  TESTS 
Phase  I 


Cycle 

Chlorine 

Chlorination  Time 

Water  Velocity 

Fouling  Intensity 

Time 

Residual 

(percent  of  total) 

Inspection  Dates 

Hours 

ppm 

fps 

1-4 

2-1 

3-1 

3-29  4-26 

4 

0.5 

6 

1 

0* 

0* 

0* 

4 

5 

3.0 

6 

2 

0 

3 

2 

2 

2 

0.5 

18 

4 

0 

0 

0 

0 

1 

3.0 

18 

1 

2 

2 

0 

2 

2 

0.5 

48 

2 

0 

1 

0 

1 

1 

3.0 

48 

4 

0 

0 

0 

0 

0 

84 

0.5 

6 

4 

1 

1 

1 

1 

1 

3.0 

6 

1 

3 

7 

6 

7 

7 

0.5 

18 

2 

1 

1 

2 

3 

3 

3.0 

18 

4 

2 

2 

0 

0 

1 

0.5 

48 

1 

0 

1 

0 

1 

2 

3.0 

48 

2 

2 

1 

0 

0 

0 

336 

0.5 

6 

2 

5 

8 

8 

7 

7 

3.0 

6 

4 

0 

0 

0 

0 

0 

0.5 

18 

1 

2 

4 

7 

7 

5 

3.0 

18 

2 

3 

3 

3 

3 

2 

0.5 

48 

4 

0 

1 

0 

0 

0 

3.0 

48 

1 

3 

2 

2 

1 

2 

•Flipper  mechanism  had  been  reversed 

NOTE:  Fouling  Intensity  Scale:  0  -  10  *  none  -  heavy 


Figure  1.  Fouling  test  facility  at  The  Dow  Chemical  Company,  Freeport,  Texas. 
Velocity  test  loop  of  lined  and  unlined  pipe  is  shown  to  the  right.  The  trough 
In  the  center  holds  panels  for  intermittent  exposure  to  the  heated  water  circu¬ 
lating  in  the  troughs  in  the  foreground.  The  troughs  on  the  left  have  one 
stream  of  raw  seawater  and  one  stream  of  chlorine  treated  seawater.  Test  panels 
are  moved  manually  or  mechanically  from  one  trough  to  another. 


Figure  2.  Chlorine  test  panels: 

3pptn  residual;  No.  19.  84  hour  cycle 
6  X  exposure;  No.  23.  4  hour  cycle 
48  X  exposure 

mm  lucaga « 
u«t  "ja1  ta  '«  me  e  w 
tee  i  c  lew  *  ®  %.  H.  .«  ;«  si-*n.  k.  h  rx 


Figure  4.  Constituents  of  the  brown  residue 
formed  from  chlorine  treated  seawater  as 
determined  by  the  scanning  electron  micro* 
scope. 


Figure  3.  Chlorine  test  panels:  84  hour  cycle 
7.5  X  exposure;  velocity:  4  fps.  No.  19,  0.25 
ppm;  No.  20,  1.0  ppm  residual.  One  or  two 
oysters  are  shown. 


Figure  5.  Panels  from  heat  tests:  168  hour 
cycle;  No.  43,  8  hour  exposure,  111°F; 

No.  46,  1/2  hour  exposure,  120°F.  A  few 
dead  barnacles  are  shown. 


Figure  6.  Panels  from  heat  test:  84  hour 
cycle;  1/2  hour  exposure;  No.  27,  104°F; 
ho.  28,  112°F.  Oysters  are  growing  well  at 
the  lower  temperature. 


Figure  7.  Test  panels  after  80  day  exposure. 
No.  56,  barnacles  growing  on  an  antifouling 
paint.  No.  19,  control  panel  with  barnacles 
and  hydrolds. 
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De  nonbreux  phdnomknos  de  corrosion  ae  produlsent  dans  des  condi¬ 
tions  0(1  l'accks  de  l'yiectrolyte  eat  restraint,  par  suite  d'une  gdomd- 
trle  particulars  du  matdriau  ou  par  suite  de  1' existence  de  dypfita 
solldes.  Dsns  c  ha  cun  de  ces  caa,  la  com  position  chlmlque  de  la  solution 
corrodante  exit  tan  t  dans  des  cavltds  plus  ou  molna  obturyes  peut  St  re 
trks  dlffdrente  de  calle  du  seln  de  la  solution,  du  fait  prlnclpalement 
de  ryactlons  d'hydrolyse.  II  dolt  8tre  ter.u  compte  de  ces  dlffyrences 
pour  touts  analyse  de  tels  phdnomknes  de  corrosion,  parml  lesquels  la 
corrosion  par  plqQres,  la  corrosion  cavemeuse,  la  corrosion  lntergranu- 
lalre,  la  corrosion  sous  des  ddpQta  at  la  corrosion  flasurante  sous 
tension.  Dans  chacun  de  cab  cas  11  eat  utile  d'ytudler  lea  phdnomknea 
"anodiquea"  qul  se  produlsent  dans  des  cavltys  actives  gynyralaiaent  acl- 
des  et  non  adrdea,  at  las  phdnomknea  "cathodlques"  qul  se  produlsent  sur 
des  tones  extemes  gdndralament  alcallnes  et  adrdes. 

On  aoullgne  1'interSt  aclentlflque  et  technique  d'dtudeu  approfon- 
dles  relatives  k  la  thermodynamlque  et  a  la  clndtlque  dlectrochlmlques 
des  "cellules  de  corrosion  occluses"  et  portent  sur  les  points  sulvants  : 

-  l'dlectrochlmle  des  surfaces  extemes  passives, 

-  la  morphologic,  la  chlmle  et  l'dlectrochlmle  des  cavltds  Internes 
actives,  notamment  en  ce  qul  concerns  leur  pH  et  leur  potentlel  d'dlec- 
trode, 

-  la  clndtlque  de  la  corrosion  et  de  sa  prdvention. 

On  applique  ces  conslddratlons  k  l'dtude  des  quatre  cas  sulvants  1 

-  corrosion  par  plqQres  du  culvre  en  solution  chlorurde,  en  conslddrant 
qua  la  solution  au  fond  des  plqQres  est  saturde  a  la  fols  en  Cu,  en 
CugO  et  en  CuCl, 

-  corrosion  par  plqQres  du  far  en  solution  chlorurde,  en  conslddrant  que 
la  solution  a<i  fond  des  plqQres  est  Baturde  a  la  fols  en  FeClp .4HpO, 
en  PejOj,  et  en  Hg, 

-  corrosion  par  plqQres  et  corrosion  flssurante  sous  tension  d'aclers  en 
solution  chlorurde,  en  soullgnant  les  lacunas  qul  dolvent  Stre  combldea 
pour  quo  solt  possible  une  dtude  satlsfalsante  de  l'lnfluence  des  dld- 
ments  d'alllage.  On  dmet  l'hypothkse  d'une  "fragility  de  mdthane"  due 
k  la  ddcomposltton  de  cdmentlte  existent  aux  Joints  de  grains, 

-  corrosion  flssurante  sous  tension  d'alllages  de  tltane  en  solution  chlo- 
rurde,  en  conslddrant  que  la  solution  au  fond  dec  fissures  est  saturde 
en  chlorure  tltaneux  Instable. 

On  aoullgne  la  possibility  de  lutter  contra  ces  dlffdrentes  formes 
de  corrosion  par  des  traltements  cathodlques  abalssant  le  potentlel 
d'dlectrode  en  dessouu  du  "potential  de  protection  contra  la  plqQratlon". 

On  termlne  en  dnumdrant  quelquea  ttches  dont  la  rdallsatlon  semble 
utile  en  vue  d'dlucider  certains  aspects  electrochlmlques  de  la  corrosion 
flssurante  sous  tension 
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Mots-clefs  :  Corrosion  par  plqGrea ;  corrosion  cavemeuse, 
corrosion  lntergranulalre;  corrosion  sous  d^pdts ;  corrosion 
flssursnte  sous  tension,  cellules  de  corrosion  occluses, 
aeration  dlff6rentielle,  culvre,  fer,  aclers,  titans, 
clmentlte. 


1. 


INTRODUCTION 


De  noir.breux  phlnomones  de  corrosion,  dont  1' importance  pratique  cst 
considerable,  se  produlsent  dans  des  conditions  oil  l'acs&s  de  1 ' Electrolyte  est 
restraint,  par  suite  d'une  g6om^trie  particulifere  du  natErlau  (structures  pre- 
aentr.nt  des  Interstices,  telles  que  des  toles  riv<es,  des  assemblages  filet«?s), 
ou  par  suite  de  l'cxlstence  de  d6p3ts  solldes  (prodults  de  corrosion.  Incrusta¬ 
tions,  sallssures  marines,  etc..).  Dans  chacun  de  ces  cas,  oil  la  corrosion  se 
prodult  dsns  des  conditions  de  diffusion  restrelnte,  et  que  B.F.  BROWN  a  propose 
de  grouper  sous  le  vocable  "occluded  cell  corrosion  O.C.C."  (cellules  de  corro¬ 
sion  occluses  C.C.O. ),  la  composition  chimlque  de  la  solution  corrodante  existent 
dans  les  cavlttfs  plus  ou  molns  obturles  peut  etre  tres  dtfferento  de  In  compo¬ 
sition  chimlque  du  seln  de  la  solution.  L' Influence  de  cette  difference  de  com¬ 
position  est  tenement  important*  qu'il  dolt  en  Stre  tenu  compte  pour  touts  ana¬ 
lyse  npprofondie  du  phlnom6ne  de  corrosion. 


Ces  ph^nomfcnes  se  manlfestent  no  tame  nt  dens  la  corrosion  par  piqOres, 
dan.-  la  corrosion  cavorneuse,  d.v’s  In  corrosion  ir.ee igra: iu  i  a  1  re ,  uun&  la  corrosion 
sous  des  dep3ts,  et  dans  la  corrosion  fiesmante  sous  tension. 

XI  est  connu  depuis  de  nombreuses  annius  que  les  solutions  4  l'intd- 
rieur  de  plqQres  de  fer  et  d'aluminium  sont  tcides  :  en  192p,  J.H.  BAYLIB  (1)  a 
observd  un  pH  d'environ  6  dans  des  plqQres  exlstant  4  1 1 lntd rieur  de  tube3  cn 
acler  pour  distribution  d'eau;  en  1 957,  T.P.  HOAR  (2)  a  signale  l'import&nce  de 
I'acidi fication  locale,  due  a  une  hydrolyse,  pour  la  corrosion  de  l'utain  dar.s 
des  solutions  sensiblement  neutres;  en  lypl,  C.  f.DiUiANli  ot  U.P..  KVA  NS  (j)  ont 
mesurE,  pour  des  plqQres  d'aluniinium,  des  pH  voislns  de  5,3  en  solution  de  chlo- 
rure  et  voislns  de  4,7  en  solution  de  sulfate.  Comne  indiqud  notammont  par  U.R. 

EVANS  ((4),  p.119),  cette  acidification  est  due  4  1 '  hydro!  yse  d'ions  m<5talliquco  : 
dens  le  cas  du  fer,  les  ions  Fe4+*  s'hydrolyscnt  avec  foiwatiort  de  magndtl te  FcjOl; 
et  de  diffErents  composes  ferrosoferrlques  .hydroxydos  el  sels  basiques),  qui 
s'accumulent  Jusqu'a  realisation  d'un  dqullibiv,  relatif  par  exemple  4  la  reaction 

Fe++  +  2  Fe4++  t4«aO?i  Fej04  +  8  H+ 

Dans  le  cas  de  1' aluminium,  differentos  reactions  d'hydrolyae  sont  pos¬ 
sibles,  condulscnt  4  dlff^rentes  varl6t6s  d'oxyde  ou  d'hydroxyde  d'aluminium,  par 
exemple  selon  la  reaction  globale 

A1  +  }  H2O  -  Al(ai)^  t  J  II*  O  «• 

I.L.  ROSENFEID  et  I.K.  MARSHAXOV  ont  present*:  en  1963,  lors  du  "Congrfcs 
International  de  Corrosion  Mrftallique"  tenu  4  Moscou,  un  tr6s  important  memoirc  sur 
la  corrosion  cavemeuse,  oil  11s  attlrent  particuliirement  l'attention  sur  les  modi¬ 
fications  de  potential  d'dlectrode  et  de  pi!  survenant  dans  les  cavernes  de  corrosion  (5). 
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II  eat  probable  qua,  pour  cheque  forme  de  "cellule  de  corrosion  oocluse" 
O.C.C.  (ou  C.C.O.)  affectant  un  mdtal  ou  alllage  donnfi  lorsqu'll  eat  en  contact  avec 
un  milieu  donnfi,  les  caractdrlstlquea  chlmlques  k  l'lntfirleur  de  la  cavlttf  en  corro¬ 
sion  sont  k  peu  prfis  les  memes.  Par  exemple,  lorsqu'un  acler  au  chrome  donnd  se  cor¬ 
rode  en  presence  d'eau  de  mer,  la  composition  de  la  solution  est  1  peu  prks  la  mSme 
k  l'lntdrleur  d'une  plqdre,  d'une  cavenie,  ou  d'une  fissure  de  corrosion  sous  tension} 
par  consequent,  les  rdaultata  d'dtudes  fa  1  teg  en  ce  qul  concerns  la  chlmle  des  solu¬ 
tions  exlstant  2k  l'lntdrleur  de  plqures  et  de  cavcmes  peuvent  fit  re  extrapolfis  k  des 
fissures.  II  vs  de  sol,  cepe  rvd  ant,  qu'une  telle  extrapolation  doit  fit  re  faite  prudea- 
ment,  sans  que  solt  perdue  de  vue  1' Influence  spficlflque  d'autres  facte urs,  et  apdcla- 
lement  1' Influence  de  la  tension. 

2.  REOIONS  ANCCIQUES  ET  CATOCDIQUES .  PHENOME2E3  ANCDIQIES  ET  CATHCDIQUE3. 

Dans  le  cas  frequent  oil  la  solution  corrodante  contlent  de  l'oxygfine,  les 
surfaces  sltufies  k  l'extfirleur  des  cavltfis  obturfies,  et  qul  sont  en  contact  direct 
avec  cette  '"lutlon,  sont  souvent  passlvfies  par  I'oxygkne,  et  aglaaent  comae  cathodes 
adrfies  oil  1'  cxygfine  -at  rfidult  en  eau  et/ou  en  eau  oxygdndc  aveo  augmentation  du 
pH,  par  exemple  selon  la  reaction 

02  +  4  H+  ♦  4  e*  -*2  HjO  (ou  °2  +  2  H2°  ♦  4  e*  -»  4  OH*) 

Les  surfaoes  eltudea  k  l'lntdrleur  des  cavltfis  sont  actives,  et  aglssent 
comme  anodes  non  adrdes  oil  le  mdtal  sublt  une  corrosion  avec  hydrolyse,  ce  qul  con¬ 
duit  k  une  diminution  du  pH,  par  exemple  selon  les  reactions  sulvantes  i 

pour  le  fer  i  Pe  -*  Ft  **  ♦  2  e* 

et  3  Fe+*  +4  1^0  •*  Fe^O^  ♦  8  H+  ♦  2  e* 

pour  l'alumlnlum  i 

A1  -*■  Al+++  +  3  e* 

et  Al***  +  3  2^0  -*  AKCH)^  +  3  H+  . 

Cecl  conduit  done,  lorsque  la  solution  c erred ante  est  une  eau  adrde  oensl- 
blement  neutre,  k  des  cellui.es  d'afiratlon  difffirontielle  entre  de  grandes  cathodes  Das- 
slves  oil  la  solution  est  ldgfiroment  alcallne,  et  de  petltes  anodes  actives  oil  la  solu¬ 
tion  eat  nettement  acids.  La  eouplage  de  ces  reactions  cathodlques  et  anodlqucs  pro- 
voque  un  transfert  d' an  Iona  des  cathodes  extemes  vers  les  anodes  Internes  (qul  est 
assocld  avec  la  circulation  d'un  courant  dlectrlque  entre  ces  deux  groupes  de  rfigiens, 
de  telle  sorts  que  solt  malntenue  l'dlectroneutralltfi  des  solutions  dans  ces  deux 
compartlmenta).  SI  la  solution  corrodante  ccntlcnt  du  chlorure,  lea  anions  alnsi  trans- 
ffirfis  peuvent  fitre  des  Ions  chlorure  Cl",  et  l'aclde  qut  se  forme  k  l'lntfirleur  des 
cavltfis  est  en  fait  de  l'aclde  chlorhydr lque,  qul  est  ttvs  agresslf.  Co  1  cat  l'une 
des  raisons  pour  lesquelles,  alnsi  qu'll  est  blen  connu,  les  chlorure*  favorlsent  de 
manlfire  partlcullkrement  nulslble  la  oorroslon  par  plqQree,  la  corrosion  cavemeuse, 
et  la  corrosion  flssurante  sous  tension  i  Is  solution  exlstant  a  x'lntdrleur  dea 
plqurea,  cavemes  et  flaaurea  contlent  de  l'acidc  chlorhydrlque. 

II  faut  aussl  fit  re  blen  conscient  de  ce  que,  lorsque  la  thennodynamlque  le 
per  met,  c'est-k-dlre  lorsque  le  potential  d'dlcctrodo  du  mfital  k  l'int<?rleur  de  Is 
cavltd  en  corrosion  eat  lnfdrleur  au  ipxua  ndgatlf  que  le)  potential  d'dqulllbre  de 
i'hydrogkne  dans  Is  solution  que  renferm*  la  cavltd,  Is  rdaotlon  anodlque  de  corrosion 
n'est  pas  la  eeule  reaction  possible  :  une  rdactio.i  cathodlque  de  ddgagement  a'nydrogtne 
2  H4  *  2  r  -»H2  peul  sussl  se  produlre  k  l'lntdrleur  de  Is  cavltd j  cette  reaction  do 
ddgagement  d'hydrogfine  fre.no  l'abalssement  de  pH  et  peut  fiventuellemcnt  condulre  k  une 
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"fragility  d'hydrogene".  Quelques  out res  reactions  catliodlques  ou  anodlques  peuvent 
aussl  se  produire,  si  la  thcrmodynamlque  la  permet,  at  pannl  ellea  das  reactions  afieo- 
tant  des  carbures  at  das  composes  IntermEtalllques  deposes  dans  la  matrlce  ou  le  long 
des  Joints  de  grains. 

Eti  conclusion)  les  probl&meE  de  nature  Elcctrochlmlque  qul  sont  assoclEs  aveo 
les  corrosions  qul  s'accomplissant  dans  des  conditions  de  diffusion  restrelnte  peu¬ 
vent  concerner  trols  group? s  de  phEnomenes  i 

-  sur  les  surfaces  "cathodlquer," ;  des  reactions  Electrochlmiques  et  chlmlques 
s'accomplissant  k  des  potentlels  relativement  ElevEs,  et  en  milieu  gdndrale- 
ment  alcalln. 

-  sur  les  surfaces  "anodiques"  :  des  reactions  Electrochlmiques  et  chlmlques 
s'accomplissant  k  des  potentleis  d'Electrode  relativement  bae,  et  en  milieu 
gEnEralement  aclde. 

-  entre  lea  suriaees  cathodlquos  et  anodiques  :  des  transferts  d'lons  et  des 
reactions  chlmlques. 

Chacun  de  ces  trois  groupes  de  phEnomenes  doit  etre  considErE  aux  deux  points 
de  vue  thermodynamlquo  et  clnetlque.  Ceol  lmplique  la  mesure  et  1* interpretation  : 

-  des  potentials  d 'Electrode  rel.aUfs  aux  surfaces  catnodloues  ;  cos  potentlels 
d'Electrode  sont  dos  dlffEroncec.  do  potential  entre  une  surface  cathodlque 

et  uno  Electrode  de  rEfErence  reversible  placee  dans  aa  solution  Jouxtant  cet- 
te  surface,  4  1'extErieur  dca  cavltEs, 

-  dea  potentlels  d1  Electrode  relatlfs  aux  surfaces  anodiques  s  ces  potentlels 
d'Electrode  sent  des  differences  d<*  poU*r.tlci  entre  un.»  surface  nnodique 
et  une  Electrode  de  reference  reversible  plc.cee  dans  la  solution  Jouxtant 
cette  surface,  k  1'lr.tErleur  d'une  oavltE, 

-  -les  potentlels  de  diffusion  ent.ro  les  solutions  a  l'lntErlour  et  k  l'extericur 
des  cav  1  tea  ;  ces  potentlels  sort  des  differences  de  potentlel  entre  les  deux 
Electrodes  de  rEfErence  citEes  cl-dessus. 

II  va  de  aol  qua  1'EtJde  dolt  etre  diffErente  selon  qu'll  s'aglt  d'Etudler 
1'lnltiatlon  de  la  corroslcn  ou  ae  progression.  I«  traitement  clnEtique  peut  etre 
dlffErcr.t  none  chaqun  categoric  de  O.C.C.;  maie  le  traltemom.  thermodyna.i.ique  doit 
Etre  fondamcntalencnt  le  meme. 


Dans  la  suite  du  present  exposE,  aprEs  avoir  prEsentE  quelques  opinions  con- 
cemant  i' initiation  de  quelques  formes  de  "corrosion  en  diffusion  restrelnte"  ou 
"cellules  de  ccrreslcn  obUiiees"  C.C.C.,  nous  examinerons  la  thermodynamlque  et  la 
c.netique  des  phEnomfcnes  Electrochlmiques  er  Jeu. 

3.  L'HlITIATtW  HE  I/»  COWSIOH  CAVEHVEl^  DE  1A  COW  06 1  Oh'  PAH  F1Q0RES.  ET  PE  LA 

coHPQSior)  Fir-suhAin:  s:::-  tension  T 


3.1  Corrosion  cavcmeuso 


Une  corrosion  cave  mouse  s«'  produit.  lomqu'un  mEtal  ou  alllage  passlvable 
suhit  une  corrosion  gEndralisee  en  prEsenee  d'une  solution  exempte  d'oxygene, 
avec  formation  d'lons  mEtalliques  qui  s'hydrolysent  lorsqu'llr  viennent  cn  contact 
av  -c  de  i'oxygJne,  cc  qul  conduit  4  la  formation  d'une  solution  aclde  et  d'un 
oxyde  ou  hydmxyde  insoluble. 


Sont  done  susceptible*  de  corrosion  csverocuse  en  presence  d'une  solution 
neutre  donnde  les  mdtaux  et  slllages  dont  le  diagramne  potontlol/pH  present*  un 
domains  trlangulaire  de  corrosion  gdndrellsde  a'dtendant  aux  pH  supdrleurs  a  7 
(p.ex.  le  fer  et  Is  plupart  des  sclera  au  chrome).  La  figure  1  (6b)  montre  un 
tel  dlagramme  pour  le  fer  k  25*C,  svec  Indication  des  valeurs  expdrlnentalea 
du  pH  en  absence  d'oxygkne  (llgne  Jl_),  et  en  presence  d'oxygkne  (lignes  2a  et  2b). 

La  figure  2  montre  1' Initiation  et  la  propagation  d'une  cave  me  de  corro¬ 
sion  du  fer  dans  une  eau  paaslvante  adrde  contenant  un  peu  dc  chlorure,  caveme  qul 
rdsulte  du  placement  d'une  plaque  non  mdtallique  sur  la  surface  du  mdtal. 

Lorsqu'll  est  en  contact  direct  avec  l'eau  contenant  de  l'oxygkne,  le 
mdtal  est  couvert  d'un  film  proteoteur  de  FegOy,  et  presents  un  potentiel  d'dlec- 
trode  vo lain  de  +  0.2  volt  par  rapport  k  1' electrode  standard  k  hydro -jfc ne  (esh^ 

SI  une  plaque  en  mat lk re  plastlque  est  poade  sur  une  partle  de  la  surface  en  fer, 
le  potentiel  du  fer  sous  cette  plaque  descend  Jusqu1 environ  -0,5  volteih.  par 
suite  de  l'dllmlnatlon  de  l'axygkne  dans  le  mince  film  de  solution  qul  demeure 
entre  la  plaque  et  le  mdtal  (figure  2a). 

De  ce  fait,  le  film  protecteur  sublt  une  dissolution  par  rdductlon,  et 
le  mdtal  devlent  actlf.  Des  courants  d'adratlon  dlffdrentielle  clrculent  entre 
les  zones  externes  passives  et  la  partle  active  d%  la  surface,  ou  le  fer  se  cor¬ 
rode  avec  formation  de  cations  Pe++.  L'dleotroneutralltd  de  la  solution  cxls- 
tant  dans  la  caverne  comnenjante  se  maintlent  par  diffusion  d'anlons  Cl*  venant 
du  seln  de  l'eau.  Une  partle  des  Ions  Fo++  s'hydrolyse  en  Fej>04  ou  est  oxyddo 
en  Ions  Fe+++,  lesquels  s'hydrolysent  en  Pe(CH)j,  car  FejOij  et  Ke ( CH )_j  sont, 
selon  le  dlagrammtf  d'dqulllbres  potentlcl/pH  du  systkme  Fe-H^O,  les  formes  sta¬ 
bles  du  fer  dans  lac  conditions  de  potentiel  d'dlectrode  et  do  pH  exiatanteo. 

Cecl  conduit  k  une  diminution  du  pH  Jusqu' k  environ  4  k  3  et  L  une  dldvation 
correspondent*  du  potentiel  (le  long  de  la  ligre  1  de  la  figure  1 ).  Jusqu 'k 
environ  -0,4  volt^h  (figure  2b).  La  oorroslon  eet  la  plus  forte  prks  de  la 
partle  Interne  du  ddp&t  de  FetCH)^,  lk  ou  le  pH  est  minimum,  environ  5  (figure  2c). 

5.2  Corrosion  car  ploOres 

La  figure  3  montre  1'lnltlatlon  et  la  propagation  d'une  plqQre  de  fer 
dans  une  esu  adrde  renfermant  du  chlorure,  selon  un  mdcanlsme  Inspir'd  par  lea 
experiences  dlectrochlmlquea  de  T.P.  HOAR  (7)  et  par  les  experiences  elllpso- 
mdtriques  de  J.  KRUGER  (6).  Nous  nous  rdfdrons  ici  k  Is  figure  4  qul  montre 
schdmatlquement  les  conditions  expdrlmentales  d'lmmunltd,  de  corrosion  gene¬ 
ralises,  de  corrosion  par  plqQrea,  de  paaslvatlon  parfaite  et  de  passivation 
lmparfalte  du  fer  en  presence  de  solutions  renfermant  10 ”2  mole  Cl”  par 
litre  (355  ppm).  Le  point  1,  (-0,5  volteah)  de  cette  figure  conceme  les  con¬ 
ditions  de  corrosion  cavemleuse  ddjk  considdrdes  en  section  3.1. 

Conslddrons  le  cas  oil,  pour  quelque  raison  que  ce  solt,  due  par  exam¬ 
ple  k  la  prdsence  d'oxygkne,  le  potential  d'dlectrode  du  fer  passif  en  prdsenoo 
d'eau  de  pH  8  atteint  le  "potential  de  rupture"  ou  "potentiel  de  plqflratlon" 

(point  2  de  la  figure  4.  solt  environ  +  0,1  vclt,^).  Dans  un  premier  stage, 
quclques  Ions  Fe++  passant  k  t ravers  le  film  d'oxyde  passlvant  sen*  chsngement 
perceptible  de  la  morphologl*  de  ce  film  (cecl  se  prodult  lorsqu'est  attaint  le 
"premier  temps  d' Induction  tj"  de  KRUGER,  pour  lequel  HOAR  a  observe  un  aocrols- 
soment  du  courant  anodlque  sans  que  KRUGER  alt  ddtsotd  par  elllspomdtrle  aucun 
changement  de  la  morphologle  du  film).  Dana  un  second  stade.  ces  Ions  Fe++ 
aont  oxydds  par  l'oxygkne  k  la  surface  en  Iona  Fe+++,  qul,  dans  un  trolslfeme 
stade,  formant  par  hydrolyse,  k  l'lntdrleur  d'un  film  prdeddemment  protecteur. 


une  solution  soldo  qul  modi fie  gravement  Is  morphologic  do  oc  film  (lorsqu'est 
sttelnt  Is  "deuxlfeme  to  spa  d' Induction  tg"  do  KRUGOi).  Co  trolsltme  stsde  ••orrea- 
pond  4  uno  veritable  plqQratlon,  svoc  formation,  d’une  cavitd  soldo  (tone  2  do  Is 
figure  4)  qui  provoquo  uno  chute  ooudslno  du  potential  mix  to  do  is  surface .  Co 
potent  lei  mix  to,  qul  augments  ensulte  su  fur  at  l  mesure  que  Is  cavltf  eat  ob  tu¬ 
rd*  dsvsntsge  psr  la  formation  do  produlta  do  corrosion,  sublt  une  nouvelle  chute, 
svoc  formation  d'una  deuxl4me  plqQre,  lorsqu'est  attaint  1  nouveau  le  potential 
do  plqQratlon.  Le  cycle  so  renouvelle  alors,  et  le  potential  ralxte  oscllle  entro 
deux  limltes  qul  sont  respoctlvement  le  potential  <le  ploQratlon  des  surfaces  pas¬ 
sives  extemes  et  le  potentlol  des  plqQres  aotlves  internes)  cheque  chute  do  poten¬ 
tial  d<c41e  1 'apparition  d'une  nouvelle  plqQre. 

3.3  Corrosion  flssurante  sous  tension 


Alnsl  que  l'a  dcrlt  B.P.  BROWN  (9,  flg.1 ),  lea  fissures  de  corrosion  sous 
tension  s'amorcent  4  des  points  falbles  de  la  surface,  partlcullbreinent  lk  oil  des 
corrosions  antdrleures,  qul  peuvent  ou  non  rdsulter  d'une  tension,  ont  conduit  k 
des  cavltds  acldes  :  cavemes,  plqQres,  etc... 

4.  TtERMCPYKAMIQUS  ET  CIMETIQUE  DES  CELLULES  DE  CORROSION  CBTUBEB3. 

4.1  Cdndralltds 

Conne  lndlqud  en  section  2,  la  plupart  des  "corrosions  en  cellules  obtu- 
rdes"  (corrosion  par  plqQres,  corrosion  cavemeuse,  corrosion  flssurante  sous 
tension,  par  exemple)  lmpllquent  l'exlstence  elmultance  de  cathodes  passives  et 
d'anodos  actives.  Elies  peuvent  done  @tre  considfrdes,  alnsl  que  l'a  dlt  J. 

MONTVELLE  (10)  pour  la  corrosion  par  plqQres,  come  uno  "maladle  do  l'dtat  passlf". 

S' 11  en  est  alnsl,  de  telles  corrosions  ne  dolvont  affecter  quo  des 
mdtaux  et  alllages  qul  peuvent  devenlr  passlfs  dans  leurs  conditions  d'utlllsa- 
tlon.  Et  comme,  panel  lea  nombreux  facteurs  qul  affeetent  la  passlvltd  et  l'ac- 
tlvltd  des  mdtaux  et  alllages,  le  potentlel  d'dlectrodo  et  le  pH  Jouent  un  role 
partlcullferement  Important,  11  est  retlonnel,  lore  de  l'dtude  Ue  l'dleetrocnimle 
de  ces  corrosions,  d'accorder  une  attention  spdeiale  4  l'influence  de  ces  deux 
facteurs, et  cela  tant  pour  la  thermodynamique  que  pour  la  oindtique  des  reactions 
4  conslddror.  II  va  de  sol  cependant  qu'll  ne  faut  pas  mdaestlmer  l'influence 
d'autres  facteurs  (par  exemple  l'influence  spdclflque  des  anions). 

Par  consequent,  lorsque  l'on  est  confrontd  avec  un  problems  determine 
mettant  en  Jeu  des  "cellules  de  corrosion  obturees"  pour  un  alllage  determine 
en  presence  d'un  milieu  determine,  11  paratt  recommandable  d'opdrer  salon  les 
e  tapes  sulvantes  (ces  etapes  seront  Ulus  trees  dans  les  sections  4.2  4  4.4, 
avec  examples  concemant  la  plqQratlon  du  culvre,  du  fer  et  d'aclei«  alnsl  que 
la  corrosion  flssurante  sous  tension  d'aclers). 

4.11  Electrochimie  des  surfaces  extemes  passives 

Rdunlr  autant  d*  Informations  que  possible  concemant  1' electrochimie 

des  surfaces  passives  extemes  < 

a)  Quels  sont  les  constituents  superflclels  des  surfaces  passives  extemes  T 

b)  Quelle  est  la  composition  de  la  solution  corrodante  ? 

c)  Quel  est  le  potentlel  d'dlectrode  du  mdtal  ou  alllage  en  presence  de 
cette  solution  T 
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4.12  Morphologic  *t  chirri*  des  cavltds  interne*  actives 

Ftdunlr  autant  d' informations  que  poss'  ole  t once r Tan t  la  chiir.ie  des  cavitds 
internes  active*  : 

a)  Quel*  sont  les  constituents  de  l1  all  lags  en  corrosion  :  constituents  tie 
la  matrices  composes  ir.termdtalliquc*  et  carbures,  suueiaj.ement  aux 
Joints  de  grains  ? 

b)  Quels  *ont  les  produits  de  corrosion  solides  ddposds  1  l'lntdrleur  de 
1*  cavitd  s  oxydes  ou  hydroxydes,  hydrurcs,  sc. a  ? 

c)  Quelle  est  la  composition  chimique  de  m  solution  4  l’lntdrleur  de  la 
cavitd  i  pH.  concentrations  en  diffdrents  cations  et  anions  T 

d)  Quel  eat  le  potential  d'dlectrode  de  l'anlage  en  presence  de  cette 
solution  ? 

4.13  Electrochimie  des  csvitds  actives 
4.1J1  Di8jgrsm’ros_dJ<3,ui^Hbrt  s 

Sur  la  base  des  donate*  accessibles,  csiculer.  si  cela  n'a  pas  dtd 
fait  prdeddemment,  pour  les  cavltds  internes  (et  Eventual  lcnent  aussl  pour 
les  surfaces  extemes  passives),  les  conditions  d'dquiiibre  ttiermodynani- 
que  de  tout  corps  sollde  existent,  en  "rdaence  de  la  solution  A  considdrer. 
Beprdsenter  ces  conditions  d'dqulliErt  graphiqueirent  (dingramnes  de  solu¬ 
bility  et  disgramines  ]>o  ten  tic  1/pH).  Ces  diagrammes  devralcnt  lndiqucr,  cla¬ 
que  fols  que  e'est  falsable,  les  donalnes  thdoTiqucs  de  stability  et  d' ins¬ 
tability  de  tout  corps  sollde, 

4.132  Valeura  oxndrlmentales_do  £Ot^nt_le_l  et_de  £H__A_l^intd  rieur_dea  _pj_q6- 
res  actives 

Compts  tenu  des  Hsu] tats  obtenut  en  section  4.131,  essayer  de  repro- 
dulre  synthdtiquement  des  solutions  s.mbiables  .v.jx  solutions  exiuwuit  a 
l'lntyrleur  des  csvitys,  et  essaycr  dc  produlre  dec.  cavltds  ertlficleller 
dans  des  conditions  somblnbles  sux  conditions  ex intent  rn  pratique.  De¬ 
terminer  la  composition  des  deux  solutions  ainrl  obtenues,  nlnsi  que  le 
potentlel  d'dlectrode  du  mdtal  dsns  ccs  solutions]  comparer  lea  rdsultats 
de  ces  deux  series  d'expdriences  cvec  les  dlagram.mes  d'dquiiibre  . 

4.14  Clnytlque  de  la  corrosion  et  de  sa  prevention 

En  opyrant  sur  den  solutions  synthytlques  et/cu  sur  les  cavltds  artifleiclles 
mentlonndea  en  section  4.132,  essayer  d'dlucider  la  cinetique  de  la  corrosion 
4  l'lntyrleur  de  ces  cavitds,  spdclaleirent  en  ce  qui  concerne  les  conditions 
d' immunity  et  de  passivation,  et  les  possibility  dc  prevention  de  la  corrosion. 

4.2  Application  4  la  corrosion  p*<r  plodrms  du  culvre 

A  titre  d'exemple  de  la  rod tt. ode  d'dtudo  decrite  en  section  4.1,  nous  ddcrivons 
brldvement  une  dtude  qui  a  dtd  falte  au  sujet  de  la  corrosion  par  piqQres  du  cuivru  dans 
I'esu  de  distribution  de  Bruxelles  frolds.  Cette  dtude,  qui  est  ceriainement  imperfeite 
et  incomplete,  ne  doit  nulloment  6tre  consider#'*  comic  un  module  et  devrait  etre  pour- 
sulvle  de  man id re  plus  approfondie.  Set  exemple  est  donnd  essentiellement  pour  fixer 
les  iddes,  cn  sulvant.  les  quatre  staces  considerdn  en  sect!  n  3*1*  lies  details  sont 
donnys  dans  plusieurs  publications  (11,  12,  13). 

4.21  Electrochimie  des  surfaces  fxiernot  passives 

Nous  n'svons  pas  examine  de  rrtnlere  approfondie  la  nature  des  cor.sti tuantr 
superflclels  des  surfaces  extemes  passives.  La  solution  corrodante  dtclt  de 
I'eau  de  Bruxelles  adrdo  1  pH  7.9#  duretd  totale  3J,9  oegrds  fran^ais  (26,0* 
duretd  biesrbonique  et  7.9  duretd  non  biearbonique;  26,0*  duretd  calcique  et 
7,9*  duretd  magneslenrxi;  saturde  en  CaCO)  (index  de  Langeller  zdro);  229  ppm 
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CCJg,  46  ppm  SOj,  22  ppm  Cl. 

Le  potentlel  d' electrode  des  surfaces  extemes  varialt  fort” men t  entre 
-250  mV  par  rapport  4  l'dleotrode  4  calomel  saturde  ecs  et  environ  +50  4  +400 
mVec8,  eelon  la  durde  du  contaot  avec  l'eau,  lea  conditions  de  circulation  de 
l'eau.  I'd  tat  de  surface,  la  prdsence  ou  l'abaence  de  lumldro,  etc... 

4.22  Morphologic  at  chlmle  des  cavltds  Internes  actives 

La  figure  *5  reprdsente  une  plqQre  de  culvre  en  prdsence  d'eau  de  Bruxelles 
frolde.  Cette  plqQre  contlent,  sous  une  couohe  de  malachite  vorte  CuCOx.CutCt-:)^, 
des  crista ux  blancs  de  chlorure  culvre ux  CuCl  et  un  ddp6t  non  adhdrent  d"* oxyde 
culvre ux  rouge  CugO.  La  solution  qul  exlste  au  fond  de  la  plqfire  est  done  en 
contact  direct  avec  Cu,  CiqO  et  CuCl;  la  solution  qul  exists  au  eoiomet  de  la 
plqQre  est  en  contact  direct  avec  CuCOj.Cu(CH)g. 

Cecl  dome  quelques  informations  concemant  le  point  b  dc  la  section  4.12 
(produits  de  corrosion  solidcs).  Au  sujet  du  point  a  (constituents  du  mdtal), 
nous  savlons  unlquement  que  les  constituents  prlnclpaux  du  culvre  dloctrolytlo.ue 
sont  du  culvre  pur  et  un  peu  de  CugO,  et  nous  n'avons  pas  exomind  partlculiert- 
ment  lea  dchantlllona  du  ndtal  soumls  aux  essals.  Aucune  Information  n'dtait 
accessible  4  cette  dpoque  concemant  le  point  c  (composition  de  lu  solution  4 
l'lntdrieur  de  la  plqQre)  et  le  point  d  (potential  d'dlcctrcde  du  culvre  4 
l'lntdrieur  de  la  plqQre). 

4.23  Electrochimie  des  cavltds  actlvee 
4.231  Dia,gruni.|cs_d_|_d£uj.l_ibrfs_ 

La  figure  6  eat,  pour  2p*C,  le  dlagramme  d'dqi’lllbres  potentlel/pH 
pour  le  syatdme  blnalre  Cu-HpO.  Elle  montre  qus,  on  prdsence  d'eau  purs  de  pH 
volaln  de  7,  le  culvre  mdtallique  Cu  est  la  forme  stable  du  culvre  cn  absence 
complete  d’oxygdne  (Ugne  a),  l'oxyde  da  culvre  CuO  est  la  forme  stable  en 
prdsence  d'oxygdne  (llgne  b),  l'oxyde  cuivreux  est  stable  dans  des  conditions 
lntermddlalres. 

La  figure  7  est,  aussl  pour  25*C»  le  d  lag  ran™  d'dqulllbre  pour  le 
systdmo  temaire  Cu-Cl-H20  pour  des  solutions  con  tenant  ltr^  at.br.  C1-/1. 

(33 5  Ppm  Cl*).  La  figure  8  est  le  diagrams*  d'dqulllbre  pour  le  ayetfen* 
quinalre  Cu-COg-SOj-Cl-HgO  pour  des  solutions  contenant,  comme  e'est  le 
oae  pour  l'eau  de  Bruxelles,  229  Prm  COg,  46  ppm  SC5  et  22  ppm  Cl. 

Ice  figures  7  et  8  montrent  que,  en  prdsence  des  solutions  consldd- 
rdes,  le  chlorure  cuivreux  CuCl  ne  peut  Stre  stable  que  dans  les  conditions 
aoldcs  (pH  lnfdrleur  4  >,66  ou  4  2,4b  scion  la  tenour  en  chlorure).  S'il 
se  forme  en  prdsence  d'eau  noutre,  CuCl  dolt  done  a 'hydro lyser  eelon  la 
rdactlon  » 

2  CuCl  +  HgO  -»  Cu20  +  2  H  +  2  Cl" 

Jusqu'4  oe  que  les 

conditions  d'dqulllbre  de  cette  rdactlon  solcnt  attclntes.  la  solution 
exlstant  4  l'lntdrieur  d'una  plqQre  active  de  culvre,  qul  est  saturde 
4  la  fols  en  CuCl  et  en  CugO,  dolt  done  etre  aclde. 

On  peut  obtenlr  plus  d' Informations  concernant  la  chlmle  et  l'dlec- 
trochimle  de  la  plqQre  on  conslddrant  que,  si  l'dtut  d'dqulllbre  ect  rda- 
llsd  au  fond  de  la  plqQre,  Is  solution  exlstant  en  cet  endroit  dolt  Stro 
en  dqulllbre  avec  CuCl,  CugO  et  Cu;  pour  des  solutions  contenant  22  ppm 
Cl*,  teneur  qul  ost  conslddrce  4  la  figure  9.  cecl  correspond  au  point 
triple  n*  4  de  cette  figure  1  E  ■  +0,326  voltesh  et  pH  ■  2,45. 
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O pendant,  11  n'y  a  pea  de  ralaon  pour  qua  la  concentration 
en  chlorure  k  l'.ntdrieur  de  la  plqQre  aolt  dgale  k  la  concentration 
k  l'extdrleur  de  la  plqQre,  qul  eat  22  ppm.  Cexnme  l'a  montrd  une  t tude 
approfondie  dea  dqullibrea  du  syetdme  temalre  Cu-Cl-HgO  (11c,  12c), 
la  euivre  so  dlaaout  en  milieu  aclde  avec  formation  des  cations  Cu+  et 
Cu'H'  et  do  l1  anion  CuClg"  et,  du  fait  d'un  exeddent  des  cations  aur  les 
anions,  l'dlectroneutralltd  k  l'intdrleur  de  la  plqQre  dolt  fitre  rdta- 
blle  par  diffusion  d'autraa  anions,  prlnclpalement  dea  Ions  chlorure, 
venant  du  seln  de  la  solution.  La  concentration  en  Ions  Cl”  existent 
rdellement  k  l'intdrleur  d'une  plqQre  de  culvre  dolt  done  8tre  cell* 
pour  laquellc  l'dlectroneutralltd  de  la  solution  est  assurde. 

Le  tableau  cl-aprks,  qul  rdsulte  de  travaux  effectuds  prdeddemment 
(13),  lndlquc  lea  rdactlona  qul  peuvent  se  produlre  k  l'intdrleur  d'une 
plqQre  de  culvre,  aintsl  que  leurs  conditions  d'dquilibre  k  25*C  (les 
corps  solldes  sont  soullgnda)  1 


(22)  Cu  -  Cu 

(23)  Cu  -  Cu++ 
(76)  Cu  +  2  Cl"-  CuClg" 


E  -  +0,520  ♦  0,0591  log  (Cu+) 

E  -  +0,337  +  0,0295  log  (Cu++) 

E  -  +0,208  +  0, 0p9'  log  (CuCl  *)  - 
0,1182  loc  (Cl*)  2 

E  -  +0,137  -  0,0591  log  (CD 


(55)  Cu  +  Cl*  -  CuCl  +  e*  E  -  +0,137  -  0,0591  log  (Cl*) 

(51 )  2CuCl  +  HgO-  Cu^O  +  2C1*  +  2H+  pH  -  5,66  +  log(Cl'). 

Done,  pour  toute  valeur  de  l'activltd  en  ions  chlorure  Cl*,  que  nous 
aupposerons  lei  dgalo  k  la  concentration,  les  formulas  ££  et  5!  donnent  res 
pectlvement  le  potential  d'dlectrode  et  le  pH  d'dquilibre,  et  les  foroniles 
22.  25  et  J6  donnent  respectlveirent  les  actlvitds  (ou  concentrations  sorri- 
gdesTen  ions  Cu+,  Cu++  et  CuCl?*.  La  valeur  de  la  concentration  en  Cl" 
qul  correspond  a  l'dlectroneutralltd  de  la  solution  est  la  valeur  pour  la- 
quelle 

2  (Cu  )  +  (Cu  )  +  (H  )  -  (Cl  )  +  (CuClg  )  +  (OH  ) 

ou,  pulaquu  la  concentration  en  Ctl"  est  suffisamment  falble  pour  etre 
ndgllgde, 

2  (Cu++)  +  (Cu+)  +  (H+)  -  (Cl*)  +  (CuClg*). 

La  figure  9  montre  1' Influence  de  la  concentration  en  Cl  aur  les 
potentlel,  pH  et  concentrations  eltd3  cl-dessus.  L'dlectroneutralltd 
de  la  solution  est  rdallsde  lorsque  ces  donndes  ont  les  veleurs  sulvantes  1 


log(Cl”) 

-  -  2,16 

solt  0,00692  at.gr. /I. 

E 

«  +  0,265  volts  . 

esn 

PH 

-  3.50 

ioe(cu+) 

-  -  4,32 

soit  0,00005  at.gr./l. 

log(Cu++) 

-  -  2,46 

0,00345  at.gr./l. 

log(CuCl2') 

-  -  3.36 

0,00043  at.gr./l. 

Ceci  signlfie 

-  pour  Cl,  une  toneur  totals  de  0,0069®  +  0,00006  -  0,00778  gr.at./l., 

•ou  273  ppm  Cl 

-  et  pour  Cu,  une  teneur  totals  de  0.00005  +  0, OQ34 5  +  0,00043  -  0,00393  gr.nt./l. 

ou  250  ppm  Cu. 
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Par  consequent,  selon  ces  calculs,  ie  potential  d'dleetrode  d'dqui- 
libre  du  cuivre  k  l'lntdrieur  d'une  plqQre,  4  25*C,  est  environ  +  26‘j  mVe3h 
(par  rapport  4  1' Electrode  standard  k  hydrogine ) ,  ou,  si  on  adopto  +  24) 
mVesh  pour  le  potential  de  l'dlectrode  4  calomel  saturde,  >24  uiVecs.  Le 
pH  de  la  solution  4  1'  intdrleur  de  la  plqQre,  pres  du  cuivre,  est  environ 
3,50.  Cette  solution  contient  environ  273  PP«>  Cl  et  environ  250  ppm  Cu. 

Ces  conditions  d'dqullibre  peuvent  etre  reprdsentdes  approxlmatlvement  par 
le  point  triple  Cu/CuCl/CugO  de  la  figure  7.  qui  conceme  toutefols  1  cr2>00 
at.gr.  Cl"/1  (355  ppm)  au  lieu  de  )0*2»^b  (245  ppm);  mala  cette  relativement 
falble  difference  peut  etre  ndgllgde  pour  une  approcne  seal-quantitative 
du  probifeme. 

4 .232  Valeurs  ex£drimcntales_de  £otcntiel  et_de  £H_4_l^int£rieur_de  £i^Qres 

dc_cuivre  actives 

Afln  de  verifier  la  validity  de  ces  provisions  thermodynamiques  (11c, 
p.7 ),  J.  VAN  MUYU5B1  a  place  un  fil  de  cuivre  dans  de  l'eau  dOgazOe,  k 
laquelle  11  a  aJoutO  des  quantitds  crolssantes  dc  CuCl,  lequel  s'est  hydro- 
lysO  avec  formation  de  CugO  et  de  liCl .  Cette  addition  a  dtd  poursuivie  Jus- 
qu'4  stabilisation  du  potentlel  d 'electrode  du  cuivre  et  du  pH  de  la  solu¬ 
tion.  Ces  valeurs  stables  ont  iti  respectivemont  E  »  +  20  mVeca  (au  lieu 
de  +  24)  et  pH  «  3,4  (au  lieu  de  3.5).  La  solution  contenait  2C 7  ppm  Cl 
(au  lieu  de  273)  et  17  ppm  Cu  (au  lieu  de  250).  Exception  faite  pour  la 
teneur  en  cuivre,  les  rdsultats  de  ce  raplde  cssni  experimental  sont  en 
accord  setlsfalsant  avec  les  donndos  calculces.  Les  raisons  de  l'Ocart 
observO  en  ce  qui  conceme  la  teneur  en  cuivre  n'ont  pas  encore  iti 
recherchdes. 

Signalons  aussl  que,  le  long  dec  surfaces  extemes  passives,  alnsi 
que  sur  la  partie  exteme  des  plqOres,  le  matdrlau  est  en  contact  avee 
l'eau  telle  quelle,  sans  modification  sensible,  laquelle  a  un  pH  dgal  a 
7,9  et  contient  de  l'oxygene. 

Comme  le  montre  la  figure  9,  le  ddrivd  de  cuivre  stable  dans  ces 
conditions  est  de  la  malachite,  et  e'est  la  la  raison  pour  laquelle  la 
partie  exteme  des  plqQres  ost  formce  de  malachite.  Comme  l'a  monti^d 
N.  de  ZOUBOV  (voir  lie,  flg.13),  la  teneur  en  cuivre  d'une  eau  de  pH 
7,9  contenant  229  ppm  CQj  (10"^*2°  molaire)  et  saturee  en  malachite 
est  d'environ  10-7  at.gr.  par  litre  (0,006  ppm  Cu). 

4.24  Clndtlque  de  la  corrosion  du  cuivre  par  piqflres,  et  de  sa  prevention 

Lors  d'une  premiere  sdrle  d' experiences,  de  l'eau  de  Bruxelles  a  dt.d  mise 
en  circulation  pendant  pluslcurs  semaincs  ou  mols  3ur  un  grand  nombre  d'dchsn- 
tlllons  de  cuivre  presentant  dlfferents  etats  de  surface,  Isolds  ou  couples 
avec  dlffdrents  mdtaux  ou  avec  du  graphite,  et  dans  dlffdrentca  conditions  de 
circulation  de  l'eau.  Des  mesuros  do  potentiel3  a  courant  nul  ont  etc  faites 
sur  ces  dchantillons  au  cours  de  ces  essaln. 

11  a  dt 6  trouve  que,  bans  exception,  des  piqures  sont  toujours  apparuea 
lorsque,  quelle  qu'en  soit  la  raison,  lc  potentlel  d'electrodc  du  cuivre  cat 
dovenu  plus  dlevd  qu'une  valeur  critique,  laquelle  a  dtd  volsine  de  +170-nVt,cs 
pour  la  surface  interne  concave  des  tubes  de  cuivre  (16  mm  diametro),  et  de 
+  100  mVecs  pour  lc  surface  convexe  do  fils  do  cuivre  (2mm  diaroete).  Aucune 
plqQre  n'a  dtd  obcervde  lorsque  le  potentlel  d'dlect^ode  avait  une  valeur 
infdrieure  a  cos  valours  critiques. 
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Par  ailleurs,  quelques  experiences  potentiocinbtiques  ont  btb  faites  sur  des 
bchanti lions  de  cuivre  decapb  en  presence  de  diffdrentes  solutions  ;  eau  de  Bruxcl 
les  degazee,  solutions  de  bicarbonate  de  sodium,  ainsi  que  des  solutions  exemptes 
d’oxygene  saturees  en  CuCl  mentionnecs  en  fin  de  la  section  4.2)2  du  present  rap¬ 
port,  et  censcos  representer  la  solution  existant  a  l'interieur  des  piqures. 

II  a  observe  que  : 

-  lors  d'une  polarisation  anodique  en  presence  d'eau  do  Bnixelles  exempte 
d'oxygcne,  le  cuivre  se  couvre  succcssivement  d'une  couche  de  CU2O  senslble- 
ment  protectrice  et  d'un  depot  non  protecteur  de  CuO, 

-  dans  certalnes  conditions  (toneurs  en  NaHCOj  volslnes  de  0.01  a  0.0)  molai- 
res,  soit  440  a  1  .)20  ppm  COg),  la  malachite  peut  etre  completement  protec- 
trice, 

-  en  presence  de  la  solution  acide  existant  a  l'interieur  des  piqures  (pH 
voisln  de  ),4),  la  reaction  Cu  «  Cu++  +  2  e“  se  produit  de  man lore  reversible: 
il  y  a  corrosion  du  cuivre  des  quo  le  potentiel  d'electrode  dev lent  superieur 
au  potentiel  d'equilibre  (environ  +  20  mVecs)»  et  il  y  a  deposition  de  cuivre 
des  que  le  fotentlel  d'electrode  devient  inferieur  au  potentiel  d'equilibre. 

Ce  fait  clarifie  la  signification  scienti f ique  du  "potentiel  critique  de 
piqQration",  dont  la  valcur  observbe  exp^rimentalement  est  voisine  de  +  170  mVees 
pour  la  face  concave  de  tubes,  et  voisine  de  +  100  mVocs  pour  la  surface  ccnvexo 
des  fils,  valeurs  qui  ne  sont  que  legerement  superic-ures  au  potentiel  d'equilibre 
a  l'interieur  de  piqures  (+  20  raVccs)  :  une  dissolution  du  cuivre  a  l'interieur 
des  cavitds  acides  existanter.  (e'est  a  dire  une  piquration)  se  produira  chaque 
fois  que,  du  fait  de  l'existence  de  valeurs  relat.1ve.nent  elevees  du  potentiel  sur 
les  surfaces  passives  externes,  le  potentiel  a  l'interieur  des  cavitbs  dev  lend ra 
superieur  &  +  20  mVecs;  au  contraire,  une  deposition  de  cuivre  a  l'interieur  doc 
eavites  (pas  de  piquration)  se  produim  enaque  fois  que,  du  fait  de  l'existence 
de  valeurs  relativement  basses  du  potentiel  sur  les  surfaces  passives  externes, 
le  potentiel  a  l'interieur  des  eavites  devierrlra  inferieur  a  +  20  mVecs.  La  diffe¬ 
rence  entre  ie  potentiel  critique  de  piquration  et  le  potentiel  d'equilibre  (1)0 
mV  pour  les  tubes  vt  80  mV  pour  les  fils)  doit  correspondre  a  un  potentiel  de 
diffusion. 

Pour  verifier  ceci  nous  avons  utilise  avec  J.  VAN  KUYIDHP.  le  di.spositif  re¬ 
presents  a  la  figure  1 C.  Un  eylindrt  en  matiere  plastique  B  pourvu  d'un  ,  ctit 
tube  C  renfermant  un  peu  d'amiante  a  bte  fixe  par  collage  sur  une  tole  de  cuivie  A. 
Un  peu  de  CuCl  a  ete  introduit  a  l'interieur  du  tube  B,  qui  a  etb  obstrue  par  un 
bouchon  pourvu  d'une  Electrode  de  verre  et  d'une  electrode  a  calomel.  Cn  a  fait 
circuler  de  l'eau  de  distribution  de  Bruxelles  sur  la  partie  extern?  de  la  t.6le; 
de  l'eau  de  Bruxelles  a  ete  versee  dan3  le  compact iment  interne,  ou  elle  est  iie- 
r.iouree  stagnante. 

Il  a  ete  observe  que,  aprbs  quelques  Jours,  ies  valeurs  de  potentiel  d'elec¬ 
trode  et  de  pH  a  l'interieur  du  cylindro  se  sont  stabilises  a  des  valours  trbs 
semblables  a  cclles  qui  avalent  ete  predites  pour  des  piqures.  Par  polarisation 
anodique  ou  cathodlque  dc-s  surfaces  externes,  apres  que  celles-ci  soient  devenur.s 
sensiblement  passives  (a  des  pctentielc  d'electrode  superleurs  a  environ  *  50  nV«cs‘; 
il  a  pu  etre  possible  de  rbaliser  a  volonte,  dans  le  compart i me- nt  interne  r.giss&nt. 
commc  une  piqure  artl ficielle,  des  potentiels  d'electrode  supbrieurs  ou  infer' ••or:, 
au  potentiel  d'equilibre  a  cot  endroit  (■*  20  mVecs),  et  d'y  nrodulre  ainoi,  i 
volonte,  une  dissolution  du  cuivre  (aux  potentiels  supbriours)  ou  un  depot  dc 
cuivre  (aux  potentiels  inferieuis ) , 
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Suit*  k  cecl,  1*  mScsnlsme  dlectroohlmlque  de  la  corrosion  du  culvre  par 
piqQres  a  dte  dlucidd  dan a  une  large  raesure,  et  de*  remkdes  aclentiflquea  contra 
cette  corrosion  ont  dtd  dtablls. 

4. J  Application  k  la  corrosion  par  piqQres  du  fer. 

Comma  deuxlkmo  exemple  de  la  mdthode  d'etude  ddcrlte  an  section  4.1  du  present 
rapport,  nous  nous  rdfdrerons  icl  k  des  recherches  relatives  a  la  corrosion  du  fer  et 
d'aciera  au  carbons. 

Comma  slgnald  en  section  1.  il  ast  tres  probable  que,  pour  chacune  des  formes 
de  "corrosion  en  cellule  oocluse"  se  produlsant  sur  un  memo  mdtal  en  presence  d'un  mfime 
milieu,  las  caractdrlstiques  chlmiques  de  la  solution  existent  dans  la  cellule  en  cor- 
rosion  sont  k  peu  prfcs  las  memes.  Les  rdsultats  de  travaux  de  recherches  faltas  k  ca 
point  de  vue  pour  de*  piqures  ou  des  cavemes  de  corrosion  pauvent  done  etre  extrapolce 
pour  des  fissures.  Una  raison  da  plus  pour  considdrer  k  la  fols  la  corrosion  par  piqures 
at  la  corrosion  flssurante  sous  tension,  est  que,  comne  l'ont  dtabli  plusleurs  auteurs 
parmi  lesquels  S.  SMIALOWSKA  (14),  B.F.  BROWN  (9,  p,2)  et  nous  meme  (6a,  fie. 24),  une 
piqQre  peut  fit re  l'amoroe  d'une  fissure. 

4.^1  Electrochimie  des  surfaces  extemes  passives. 

Dans  la  figure  1 ,  la  ’.igne  2b  indique  les  potentials  d'dlectrode  de  fer  pisslf 
dlectriquement  Isold  en  presence  de  solutions  exemptes  de  chlorure  renfoimant  de 
l'oxygfinc  (+  0.4  k  +  0.5  volteah  pour  pH  8).  A  la  figure  11  on  peut  voir  que,  dans 
des  solutions  renfermant  10-2  at.gr.  Cl“  par  litre  (355  ppm),  lo  fer  ne  peut  etro 
passlf  qu'entre  deur  valeura  critiques  du  potentlel  d'dlectrode  i  un  "potenticl 
de  passivation"  (  pour  pH  8  :  -  0,3  volteSh)  et  un  "potentlel  de  piqOratlci:" 

(+  0,1  voltosh).  1,0  nouvelles  piqQres  se  former*  Wsque  le  potentlel  d’dlectrode 
est  supdrieur  k  ce  potentlel  de  piqOratlon;  les  piqQres  ainsl  forties  demeurent 
actives  entre  ce  potentlel  de  piqQration  et  un  "potential  do  protection  eoatre  la 
piqiration"  ^environ  -  0,3  voltee/,). 

4.32  Morphologic  et  chimle  des  cavltds  internes  actives. 

La  figure  12  ropresente  schematiquement,  d'apres  U.R.  EVANS  (4b,  p.28),  une 
piqQre  de  fer  formic  on  prdsenec  d'une  solution  adrde  de  chlorure  de  sodium.  Co.t.t.s 
lndiqud  par  U.R.  EVANS,  si  la  solution  est  initialement  neutre,  la  solution  k 
l'intdrleur  de  la  piqQio  devlent  localement  ac Ido  par  suite  d'hydrolyse  de  sel  de 
fer.  Encore  selon  EVANS  (4*,  p.119),  une  telle  piqQre  peut  contenlr  do  la  magneti¬ 
te  Fe_jO!j  et  diffdrents  compvads  fcrro-ferrlquos  verts  (hydro:  yde  ou  pels  basiques), 
Ainsl  qu'il  est  bleu  cennu,  la  partie  externe  d'une  piqQre  de  fer  en  contact  avec 
une  eau  adrde  contlent  de  l'hydro.'yde  Fe(CH)_j,  qui  est  gdndralement  considdrd  commo 
le  constltuant  principal  de  la  roullle. 

Nous  avor.s  obaervd  avee  J.  VAN  MUYLDEft  (6b,  6d)  des  pH  compris  entre  2.7  et 
4.7  et  dea  potcntlels  d'dlectrode  compris  entre  -  0,35  et  -  0,45  voltesn  k  l'intd¬ 
rleur  dea  cavemes  actives  de  rer  Anuco. 

4.35  Elecvochimle  den  cavltds  acldos. 

4.531  Dlagramws_d_V£uillbr< 

La  figure  15  (15.  p.31«'i  donne  un  diagramme  d'dqulllbre3  potentiel/pH 

pour  le  systemo  blnalrs  Fe-lf^O,  k  25*C.  A  notro  ronnaissancc,  aucun  dtag-nm- 

dlgno  de  foi  n'a  aetucllemont  dtd  dtabli  pour  le  systeme  temalr’  Fe-Cl-ll,C. 
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Ce  pendant,  on  salt  que  la  solublllt*  du  FeClg.^HgO  (qul  eat  incolore) 
dans  l'eau  a  25*C  eat  voiaino  de  39  gr  FeCl2  dans  61  gr  H20  (environ  5  molal- 
re)*,  et  que  la  solubilltd  du  FeCl^^O  (qui  est  grla  foncd)  eat  voislno  de 
49  gr  FeClj  dans  31  gr  H20  (dolt  environ  6  molalre). 

Rappelons  que,  comme  indlqud  en  section  4.2  du  present  rapport,  une 
bonne  connaissance  des  oonstltuants  solldes  existant  au  fond  d'une  plqQre  de 
corrosion  de  culvre  active  (CuCl  et  Cu^O  en  contact  avec  du  Cu  mdtallique) 
a  rendu  possible  l'tflueldatlon  des  phdnom&nea  de  plqQratlon  du  cuivrc  aux 
points  de  vue  thermodynamlque  et  clndtlque,  et  a  permls  de  prdvoir  des  resides 
4  cette  plqQratlon.  On  pent  oertalnement  opdrer  de  mg  me,  avec  lea  mcmea  rd- 
sultats,  pour  la  plqQratlon  du  far. 

II  exlste  cependant  une  difference  fondamentale  entre  les  plqQrea  de 
fer  et  les  plqQrea  de  culvre  :  alors  que,  comme  indlqud  en  section  4.232, 
une  plqQre  de  culvre  peut  exlstcr  cn  dtat  d'Jqullibro  thermodynamlqu? ,  une 
plqQre  de  fer  ne  lo  peut  pas.  Contr&irement  au  culvre,  le  fer  metalllque  no 
peut  Jamals  etre  thermodynamiquement  stable  en  presence  d'eau  dans  les  condi¬ 
tions  usuellea  de  temperature  et  de  presslon.  Parmi  les  noaibreuses  reactions 
qul  peuvent  se  produlre  4  l'intdrleur  d'une  plqQre  de  fer,  quelques  uncs  ne 
peuvent  pas  attelndre  un  ^ tat  d'equlllbre  (corrosion  de  fer  actlf,  d^gagement 
d'hydrog&ne ) ,  male  d'autres  le  peuvent  (par  exemple,  les  reactions  d'hydro- 
lyse ) . 


Les  ddrlvds  solldes  du  fer  qul  peuvent  exlster  de  mani&re  stable  dans 
des  solutions  acldes  et  exemptes  d’ oxygens  renfermant  des  chlorures,  telles 
qu'exlstant  4  l'lntdrleur  de  plqQres,  fissures,  etc.,  sont  Fe,  Fe^Oj,  et 
PeCl2.4l^0  (pour  lesquels  on  posaidc  das  valeurs  d'enthalples  1  lores  de 
formation  4  25*C),  et  peut-gtrc  de  la  magndtlto  hydratde  et  des  chlorures 
basiques  (pour  lesquels  de  telles  donndea  ne  nous  sont  actuellement  pas 
connuca).  II  semble  quo  les  ions  ferreux  Fe++  sont  la  seule  forme  dlssoute 
stable  de  fer  dans  ocs  conditions. 


Admettant  les  valeurs  sulvantes  d'enthalples  libres  de  formation 


Fe^Ojj  -  242.400  cal 

FeCl2  -  72.200  "  (soi a  forme  de  FeCl2.4H20) 

Fe**  -  20.300  " 

aq 

on  obtlent  par  le  calcul  les  conditions  d'dqulllbre  sulvantes  pour  le 
Fe,  FejOii  et  FeClp.tl^O  en  presence  de  solutions  electrlquement  neutres 
(pour  lesquelles  {Cl”)  «  2  (Fe**))  i 


E  - 
pH  - 
log  (Cl*)  ™ 
log  (Fe**)  - 


-  0,368  volte8h 
4,8.0 
2.745 
2,444 


La  figure  14  montre  schdmatlquement  les  domalncs  de  stability  thojvno- 
dynamlque  do  Fe,  FeCl2.4H20  et  FejOjj  ainsl  calculds,  en  presence  de  solutions 
dlectrlquement  neutres  en  FeCl2  (pour  lesquelles,  comme  dlt  ci-decsua,  (C!“)  - 


*  Slgnalons  lcl  que  le  sulfate  ferreux  FeSO^l^O  (qul  est  vert)  est  moins  soluble  que 
que  le  chlorure  ferreux  «  environ  33  gr  FeSOi,  dans  67  gr  1^0  (solt  environ  2  molal  re) 


2  (Fa  )).  II  v»  de  sol  qua  oatte  figure  est  donnde  unlquement  pour  fixer  les 
iddes  et  qu'elle  no  pout  pas  etre  exacte,  a  cause  de  Xa  tres  grande  vaXeur  des 
concentrations  en  Jen  :  les  antivltds  calculdes  en  Ions  Cl"  et  Fe++  sont  dnormes, 
et  les  mdthodes  thermodyriamiques  applicable*  aux  soluticns  dilutes  ne  peuvent 
absolument  pas  etre  valables  dans  le  cas  present. 

Par  ailleurs,  en  dessous  de  la  ligne  a  de  la  figure  14.  les  presslons 
d'dquilibre  en  hydrogkne  Hg  sont  supdrieures  a  1  atmosphere.  Par  consequent, 
dans  les  piqQros  exlstant  sous  presslon  atmospherlque,  seuls  les  dtats  d'equi- 
llbre  sltuds  au  dessus  de  cette  ligne  sont  rdalisables  (par  exemple  l'dqullibre 
entre  FeCl2*4H20  et  FejOij);  les  equilibrc-s  entre  Fe  et  FeClg.kHgO  et  entre  Fe 
et  Fe^fy,  ainsl  que  l'dqullibre  entre  H2O  et  Hg,  n'y  sont  pas  rdalisables.  On 
peut  done  s'attendre  k  ce  quo,  sauf  si  lc  mdtal  y  eat  polarisd  cathodiquement 
en  dessous  d'environ  -0,37  voltehS,  le  fond  d'uno  plqQre  (ou  fissure)  de  fer 
en  milieu  ehlorurd  soit  constitud  par  du  fer  se  corrodent  avec  degagement  d'hy- 
drogkne  dans  une  solution  environ  5  molalre  en  fer  saturdc  en  FeClg.kHgO  et  en 
FejOjj,  ainsl  qu'en  hydrogene. 

Si,  en  premiere  approximation,  on  admet  que  la  figure  Ik  est  senslblerent 
exacts,  on  est  conduit  k  1* opinion  que  les  caractdrlstiques  de  la  solution  exis¬ 
tent  au  fond  d'une  piqQre  (ou  fissure)  active  ayant  attelnt  l'etat  de  rdgirae 
sont  sen3lblement  celles  du  point  de  rencontre  de  la  ligne  a  (dqulllbre  H2/H2O) 
et  de  la  ligne  FoClg.^HgO/Fe-^Oj,,  c'st-a-dire  :  pH  »  4,25,  E  »  -0,25  voltes, 
et  que  le  potentlel  du  fer  e'n  corrosion  dans  cette  solution  est  compris  entre 
cette  valeur  -0,25  volteh3  et  *0»37  volt  (P°te,1tlel  d'dquillbre  du  fer), 
e'est-k-dire  environ  -0,3  voitehs. 

Nous  roviendrons  sur  ee  point  en  section  4.3k. 

4.332  Valeurs  expdrimentales  de  potential  et  de  pH  a  l'intdrleur  de  plqGres  de 
fer’actlvesT 

La  figure  1  (16,  figure  78)  montre  l'influence  du  pH  sur  le  potentlel  ri'elec- 
trode  du  fer  en  contact  avec  des  solutions  exemptes  de  chlorure,  rospectivement 
en  absence  d'oxyg£ne  (ligne  1_)  et  en  presence  d'oxyg 6ne  (llgnes  2a  et  2b).  La 
figure  1 1  (6d,  figure  3)  montre  les  circcnstances  de  potentlel  d'dlectro^e  ot  de 
pH  pour  du  ler  dlectriquemcnt  Isold  en  presence  de  soluticns  de  pH  8  10"?  maltires 
en  Cl*  (355  ppm  Cl*)*.  On  volt  que,  si  la  solution  est  exernpte  d'oxygene  (point 
J_),  le  fer  sublt  une  corrosion  gdndraliseej  si  la  solution  est  saturde  en  oxyp.ene 
(point  2),  11  se  prodult  des  plqQres;  dans  les  piqQrcs  ainsl  formdea  (rdgion  ^ ) 
la  solution  est  aclde  (pH  2,7  a  4,7)  et  le  potentlel  d'dlectrode  se  sltue  pres  de 
la  ligne  1_  de  la  figure  1 . 

Comme  on  le  volt  sur  cette  figure,  dans  une  piquro,  la  solution  est  aclde, 
et  le  fer  se  corrode  avec  degagement  d'hydrogfene  k  un  potentlel  d'dlectrode  qui 
est  voisln  du  "potentlel  llbre"  (potentlel  k  courant  zdro)  du  fer  dans  cette 
solution  aclde. 


*  Un  court  expos#  concernant  de  tels  dlagrammes  est  donnd  en  annexe  au  present 
rapport. 
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L1  exams n  dee  donndea  aotuellement  exlstantes  concemant  la  the rmodynamlque 
du  aystjme  Fe-Cl-HgO  conduit  k  oonsiddrer  comme  probable  que,  dans  uno  plqQre 
ou  une  fissure  de  far  en  milieu  ehlorurd,  cette  corrosion  du  fer  avec  ddgagement 
d' hydrogene  se  prodult  dans  une  solution  aclde  aaturde  k  la  fols  en  FeClg.kHgO 
et  en  FejCty .  On  pourralt  done  obtenir  des  donndea  digna  de  fol  concemant 
l'dlectrochlmle  des  plqQres  (et  autres  formes  de  O.C.C.)  pour  le  fer  de  manlfcre 
trks  simple,  en  versant  de  l'eau  exempts  d'oxygdne  sur  un  mdlange  de  FeCl2.4HgO, 
de  FejOi)  et  de  poudre  de  fer,  dans  un  recipient  pourvu  d'une  dlectrode  de  fer, 
d'une  dlectrode  de  verre  et  d'une  dlectrode  k  calomel,  et  en  mesurant  le  poten¬ 
tial  d'dlectrode  du  fer  et  le  pH  de  la  solution  alnsl  obtenue,  alnsi  que  sa 
teneur  en  Ions  Cl*  et  en  Fe++  et,  si  possible,  le  potential  d'dlectrode  de 
Fe-Oif  Une  telle  solution  reprodulrait  probablement  la  solution  existent  k 
l'lntdrleur  des  plqQres,  fissures,  cavemea,  etc.  de  fer. 

Des  expdrlencea  de  polarisation  anodlque  et  cathodlque  potentloclndtlques 
et  potentlostatlques,  rdallsdes  sur  du  fer  en  prdsence  de  cette  solution  aideralent 
k  dluclder  aussl  le  cindtlque  de  ces  corrosions.  Pour  l'dtude  de  la  corrosion 
sous  tension,  les  dlectrodes  de  fer  alnsl  dtudldcs  seraient  utllement  souralses  k 
un  fluage  provequd  par  un  effort  de  traction. 

4.333  Essal  de  schdma  d'une  plqQre,  ou  fissure  de  corrosion  du  fer. 


Suite  aux  exposds  falts  aux  sections  4.321  et  4.322,  la  figure  10  reprd- 
sente  nos  conceptions  actuelles  concemant  la  chlmle  et  l'dlectrochlmle  d'une 
plqQre  de  fer  (figure  13a}  et  d'une  fissure  de  fer  (figure  13b),  en  prdsence 
d'une  eau  contenant  du  chlorure. 

Au  fond  de  la  plqQre  ou  fissure,  le  fer  se  corrode  k  environ  -0,3  k  -0,5 
voltggh  avec  ddgagement  d'hydrogkne  dans  une  solution/d 'oxygens  de  pH  volsln 
de  4  trbs  concentrde  en  Ions  Fe++  et  Cl*,  et  saturde  k  la  fols  en  FeClg^ti^O  et 
en  Fe^O^  exlstant  sous  forme  de  ddpdt  crlstallln  au  fond  de  la  plqQre. 

Au  sommet  de  la  plqQre  ou  fissure,  l’oxygbne  dlffusant  du  seln  de  l'eau 
oxyde  les  Ions  ferreux  Fe++  et  la  magnetite  Fe^Ojj  en  ions  feirlques  Fe+++  (et 
FeOH++')  et  en  hydroxyde  ferrique  Fe ( OH .  Le  pH  attaint  une  valeur  mlnlmale 
(environ  2,7)  aux  endrolts  ou  se  forme  le  tres  peu  soluble  Fe(01l)j,  par  hydrolyse 
d'lons  Fe+++. 

L'exlstence  d'une  cellule  d'adratlon  dlffdrentielle  entre  les  cathodes 
passives  extemes  (ou  Og  est  rddult  en  HgO  k  environ  +0,2  volteSh)  et  les 
anodes  actives  Internes  (ok  Fe  se  dlssout  avec  ddgagement  d'iiydrogbne  k  envi¬ 
ron  -0,3  k  -0,5  voltesh)  conduit  k  la  circulation  de  oourant  dleetrlque  !  des 
dlectrons  litres  e*  sont  transfdrds  k  travers  le  mdtal  de  l'anode  aux  cathodes, 
et  des  anions  Cl“  sont  transfdrds  k  travers  la  oouche  de  rouille  des  cathodes 
vera  l'anode. 


4.34  Cindtlque  de  la  corrcslon  du  fer  par  plqQres,  ct  de  sa  prdvention. 


Des  dtudes  pc tentloclndtiques  faltes  prdeddemment  (17,6)*,  en  proeddant 
k  des  potcntlels  d'dlectrode  success lvement  croissants  et  ddcroissants,  ont  conduit 
a  ddflnlr  un  "potentlel  de  protection  centre  la  plqQration",  lequcl  est  senslblcment 


*  Voir  annexe  au  prdsent  rapport. 


dgal  au  potential  exlatant  It  l'intdrleur  des  plqQres  actives.  SI  le  potential  d'dlec¬ 
trode  des  zones  extemes  passives  eat  infdrlet'r  A  ce  potential  de  protection,  les 
plqQres  dventuellement  preexiatantea  ne  grandlssent  pas,  et  devlennent  done  inoffon- 
slves;  en  outre,  11  ne  peut  pas  se  former  de  nouvelles  plqQrea. 

L'apparelllage  reprdsentd  par  la  figure  16  (6e,  figure  5),  qul  eat  trAs 
eemblable  au  dlspositlf  montrd  it  la  figure  10  prdeddemment  utlllsd  pour  la  production 
artlflclelle  de  plqQres  de  culvre,  a  dtd  utlllsd  par  J.  VAN  MUYtDER  pour  l'dtude  de 
cavemes  de  fer  artlficielles.  Un  cyllndre  de  plexlglas  pared  d'un  petit  trou  renfor- 
mant  de  l'amlante  a  dtd  flxd  par  collage  aur  une  tSle  de  fer  Armco  ou  d'acler  au  car¬ 
bons.  Cet  ensemble  a  dtd  immergd  dans  une  solution  de  pH  10.0  contenant  un  peu  de 
chlorure  (0,0010  molalre  en  NaOH,  et  0,0010  molalre  en  NaCl,  solt  355  ppm  Cl).  Un 
bouchon  supportant  une  dlectrode  A  calomel  et  une  dleotrode  de  verre  a  dtd  placd  aur 
le  cyllndre,  dans  lequel  on  a  fait  passer  un  courant  d'azote  afin  d'en  chasser  l'oxy- 
g&ne.  On  fait  barboter  de  1'oxygAne  dans  la  solution  exteme  qul  est  agltde  en  per¬ 
manence. 


Les  points  marqude  0  A  la  figure  17  lndiquent  les  conditions  exlstant  lors- 
qu'aucun  courant  dlectrlque  n'est  appllqud  k  la  surface  externe  t  environ  -100  mVeS], 
et  pH  10.0  pour  cette  surface  exteme,  et  environ  -350  A  -450  mVesh  et  pH  2.7  4  4.7 
pour  la  cavitd  Interne,  Jaquelle  se  corrode.  En  polarlsant  eathodlquement  la  surface 
exteme  par  passage  de  courants  d'lntensltd  crolsaante  entre  cette  surface  et  une 
anode  auxllialre  en  platlne  (points  A  £),  on  a  observd  qur  : 

-  lorsque  le  "potentiel  de  protection  eontre  la  piqQration"  (environ  -400mVesh, 
point  est  attaint  aur  la  surface  exteme,  la  solution  A  l'intdrleur  de  la 
caveme  ceose  d'etre  aclde  (pH  7)  et  le  potentiel  d'dlectrode  dans  la  caver- 
ne  est  volsln  du  potentiel  d'lmmunltd  (environ  -500  A  -600  mVesn). 

-  lorsque  le  potentiel  d'dlectrode  exteme  devlent  infdrieur  A  -800  mVe3h, 
la  solution  A  l'intdrleur  de  la  caveme  devlent  nettement  alcallne  (pH 
10  A  11),  du  fait  d'une  reduction  lmportante  de  l'eau  aveo  ddgagement 
d'hydrogfcne. 

La  figure  18  montre  des  rdsultats  obtenus  en  1970  par  Antoine  P0UR3AK  au 
centre  de  recherches  de  la  compagnle  "Union  Oil  of  California",  A  Brea,  Califomle 
(18)  en  utillsant  un  dlspositlf  analogue  A  celui  utlllsd  prdcedenvnent  par  J.  VAN  MUYLDER 
et  reprdsentd  A  la  figure  16,  avec  quelques  modifications  permettant  la  mesure  du 
oourant  dlectrlque  passant  entre  les  surfaces  extemes  et  Internes.  Dans  le  cas  de 
cette  expdrience,  une  surface  exteme  passive  a  dtd  soumise  A  une  polarisation  cathodlquo 
croissante  dans  une  solution  10"  ^  molalre  en  NaCl  et  10"2  molalre  en  NaO!I  (pH  «  9»5)l 
le  pH  de  la  cavitd  Interne  dtait  volain  de  5,5* 

En  absence  de  polarisation  cathodique  exteme  (points  0),  la  cavitd  interne 
active  aglssait  eomme  anode,  avec  une  densitd  de  courant  de  2,5  uA/cn£.  Cette  cavitd 
interne  cessa  d'aglr  commo  anode  au  point  4,  oil  le  potentiel  d'dlectrode  Interne  (po¬ 
tentiel  A  courant  zdro)  fut  -0,43  voltesh.  potentiel  d'dlectrode  externe,  qul 
dtait  alors  ce  que  l'on  appclle  de  manlAre  approchde  le  "potentiel  de  protection  con¬ 
tra  la  plqQratlon"  que  l'on  pout  ddtermlner  par  la  mdthode  potcntloolnetique  A  poten¬ 
tials  successivement  croissants  et  decrolssants  (voir  annexe)  dtait  de  -0,31  voltcoll 
(A  ce  point  4);  pour  ce  point,  le  potentiel  de  diffusion  entre  les  dleotrolytcs 
exteme  et  interne  dtait  -0,3'  +  0,43  “  0,12  volt.  II  y  a  lieu  d'etia  bien  const  lent 
de  ce  que,  dans  le  cas  prdsent,  I'abaissement  du  potentiel  externe  A  la  valeur  du 
"potentiel  de  protection"  ne  correspond  pas  exactement  A  une  absence  totale  de  corrosion 
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4  l'lntlrleur  de  1*  cavlte i  cecl  ne  ••  produlra  qua  lorsque,  du  fait  d'une  polarisa¬ 
tion  cathodlque  plus  force,  la  potential  Interne  devlendra  dgal  au  potential  d'dqul- 
llbre  de. la  reaction  de. corrosion  qul,  '4  25*C,  eat  donntf  par  la  relation 
E  -  -0,440  ♦  0,0295  log  (Fe++)  volteha. 

Salon  des  experiences  d' orientation,  qul  dovralent  <tro  poursuivles  de 
sianlfcre  plus  systdoatlque.  Is  terveur  an  fer  au  fond  de  la  caveme  (ou  piqGre,  ou 
fissure)  semble  8tre  de  l'ordre  de  1  molalre  (pro  bob  lenient  entre  0,5  at  5  molaire). 

II  est  done  probable  qua  ee  potential  d'dqullibre  dans  la  cavitd  est  volsln  de 
-0,44  volteahl  salon  la  figure  18  le  "potential  de  protection"  exact  en  dossous 
duquel  las  cavemea,  plqQres  at  fissures  cessent  de  eroltre  et  peuvcnt  etre  le  sltge 
d'un  ddpSt  de  fer  mtftallique  selon  la  reaction  Inverse  Fe++  4-2  0-  ~*Pe  est  dono 
volsln  de  -0,38  mV#gh  (entre  les  points  5  at  6  de  la  figure  18). 

Comm  le  montrent  les  figures  17  et  18.  la  corrosion  oavemeuse  du  fer, 
alnsl  que  les  autres  forms  de  "corrosion  en  cellule  ocoluse"  O.C.C.  ou  "corrosion 
dans  des  conditions  de  diffusion  restrelnte"  peuvcnt  done  fit  re  dvltdes  par  une 
"protection  cathodlque"  convenable,  abaissant  le  potential  d'dlectrode  de  la  surface 
exterae  du  ndtal  en  dessous  de  son  "potential  de  protection  contre  la  plqQratlon". 

Mala  cecl  conduit  ndcessalrement  4  un  accroissement  du  dtfgagement  d'hydrogine 
dans  les  cavltls  et  peut  done  condulro  k  un  accrolasemnt  de  la  fraglllsatlon  per 
l'hydrogine  dans  lc  oas  ou  le  matdriau  eat  sensible  4  cette  form  de  degradation. 


4.4  Application  4  la  corrosion  par  plqOroa  des  aolers,  et  4  leur  corrosion  fissurant? 
sous  tension. 

Dans  las  deux  sections  prdeddentes,  nous  avona  consider'd  le  comportement 
de  cuivre  et  de  fer  purs  au  point  de  vue  de  l'dlectroohlmle  de  1o>t  corrosion  dans  des 
conditions  de  diffusion  restrelnte  O.C.C. ,  dans  des  solutions  renfermant  du  chlorure. 
Une  dtud*  approfondle  du  comportement  des  sclera  nlcesslteralt  la  oonnalssancc  de 
donndes  thermodynanlques  at  clndtlques  dignes  de  fol  au  sujet  de  to  us  les  constltuants 
des  aolers.  Ia  plupart  de  cea  donndes  sont  actuellemnt  lncxlstantes. 

Toutefols,  nous  exprlmerons  lcl  quelcjues  considerations  basdes  sur  nos 
oonnalssances  actuollea  concemant  l'O.C.C.  d'aclers  au  cartons  et  d'aclerc  au  chrome. 

4.41  Electrochlmle  des  surfaces  extemes  passives. 

La  figure  19  (19,  figure  15),  qul  felt  partle  d'un  travail 
rdallsd  en  collaboration  4  l'Unlverslte  de  Kloride,  Oalnesvllle,  montre  schema  tl- 
quement  les  conditions  exp^rlmntales  d' Immunity,  de  corrosion  gdndrallsde,  de 
corrosion  par  plqQres,  de  passivation  parfalte  et  de  passivation  lmpurfaite 
pour  six  alllages  fer-chrom  en  presence  dc  solutions  renfermant  0,100  atome- 
gramme  Cl  par  litre  (3«550  ppm).  Selon  cette  figure,  les  quatre  premiers  de  ces 
alllages  (0,5  4  12,0  %  Cr)  donneralent  lieu  4  corrosion  cavemeuse  et  4  oorroslon 
par  plqQres  en  presence  d'une  solution  4  3 .550  ppm  Cl  neutre  et  saturde  en  oxygdne; 
l'alllage  4  16,0  %  Cr  ne  sublralt  pas  de  corrosion  cavemeuse,  male  pourrait 
sublr  une  certalne  corrosion  par  plqQresj  l'alllage  4  24,9  %  ne  sublralt  aucune 
de  ces  deux  forms  de  corrosion. 
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4.42  Morphologic  et  chimle  dec  cavltds  internes  actives. 

Nous  ne  possddons  pas  d' information  partlculi4re  concemant  la  morphologic 
des  cavltds  d'aciers.  En  cc  qul  concerns  lcur  ehimie.  B.F.  BROWN  et  al.  (20a, 

20b)  ont,  au  coure  de  leur  travail  de  pionnlers,  observd  h  l'intdrlour  do  fissures 
de  corrosion  do  diffdrents  acierr  des  pH  voisins  de  3,8  et  des  potentiela  variant 
entre  >0,2  et  -0,5  voltesj,  scion  la  nature  de  l'acier. 

La  figure  20  (19,  figure  7  )  montre  1' inf lucres  du  pH  sur  les  potentials 
k  courant  nul  de  la  sdrie  d'alllages  Po-Cr  mentionnde  cl-dcssus.  Comme  dlt  en 
section  4 .332,  ces  potentiela  k  courant  nul  sont  probebloment  senslblement  dgacx 
aux  potentiela  de  ces  alliages  a  l'lntdrleur  de  fissures  ou  piqQrcs  actives  de 
mgme  pH.  Pour  pH  «  3,8  ces  potentiela  sont 


0,! 

j  %  Or 

-0,42  volt 

2 

%  Cr 

-0,38 

5 

X  Cr 

-0,35 

12 

X  Cr 

-0,29 

17 

X  Cr 

-0,27 

25 

X  Cr 

-0,24 

II  apparett  done  qu'un  accroiss-ment  de  la  teneur  en  chrome  de  l'alllago 
provoque  une  did vat Ion  du  potential  d'dlectrode  4  l’lntdrleur  des  piqQrcs  et 
fissures. 


4.43  Electrochimie  des  cavltds  actives. 

4.431  0 lag  MJmwa  ji|d£u  U  ibre  a . 

A  notre  connaissance,  ce  n'ost  que  pour  le  cuivre  (>j)  qu'ont  dtd 
dtablls  des  diagrammes  dlgnes  do  fol  ooncemant  des  sys times  chlorurds. 

De  tels  dlagre.mnoo  n' existent  pas  pour  les  autres  constituents  des  aclers. 

4.431.1  Systime  Or  -  HgO 

La  figure  21  (1 5,  p.  262)  donne  un  diagrawne  d'dquillbres 
potentiel/pH  pour  le  systems  blnalre  Or  -  H2O,  4  25*C. 

4.431 .2  S»ih«8.C.:.tl2e.fii.ESjC.:.B25 

Conne  ddrivds  du  carbone  nous  ne  conslddrerona  que  le  gra¬ 
phite  C,  la  edmentite  "e^C,  le  md thane  CH4,  le  inonoxyde  de  carbone  CO 
et  le  bloxyde  de  carbone  COg.  Dans  un  but  do  simplification,  nous 
ne  considdrerons  p&o  d'autres  hydrocarbures  et  autres  compoods  orge- 
nlques  dont  la  formation  a  dtd  ddccldc  par  D.N.  STAICOPOLUS  (21 )  lort 
d'une  polarisation  cathodique  de  la  ccnentite. 

Nous  admettrons  les  vsleurs  suivsnt.es  d'enthalples  libres  de 
formation  standard  des  substances  conslddrdes  > 
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Subatanoes  solides 

Eau  at 

subatanoes  dlasoutaa 

Substances  gateuses 

Pa  0  cal 

HgO  -  56.690  oal 

«2 

0  oal 

Pa^O^  -  242.400  oal 

H+  0  cal 

°2 

0  oal 

PSgQj  -  177.IOO  oal 

Pa**  -  20.300  oal 

CO 

-  38.806  oal 

C  0  cal 

C02 

-  94.260  oal 

Pe^04  +  4.540  oal 

CH^ 

.  12.140  cal 

Du  fait  de  l'absence  da  donndes  thermodynamlquea* 

nous  n'avons 

paa  pu  conslddrer  let  carbonyles  de  far,  at  partioullirement  la 
Pa(C0)5  qul  pourralt  probablemant  it  re  formd  comma  prodult  d'oxy- 
datlon  du  PajC. 

Etant  donnd  qua  l'enthalple  libra  da  formation  du  Pa^C  eat  posi- 
tlva,  ce  compost  oat  thermodynamlquement  Instable,  Dials  11  eat 
posalble  d'en  calouler  des  conditions  d'dqulllbre  Detestable. 

Lea  valeura  d'enthalpiea  llbrta  de  formation  lndlqudes  cl- 
desau a  condulaent  aux  conditions  d'dqulllbre  sulvantes  pour  quel- 
quaa  unea  daa  reactions  fa  leant  intervenlr  ces  subatanoes.  Los 
numdros  41  4  43  aa  rdf 4 rent  4  la  nomenclature  utlllsde  dans  la 
aeotion  de  notra  Atlas  relative  au  cnrbone  (15#  P.  453 )l  los  numd- 
ros  30  4  37  concament  dea  reactions  falsant  intervenlr  Fe-jC, 
qul  n'ont  pas  dtd  conslddrdes  dans  l'Atlas. 


a)  Bdactlons  aveo  C 


(41) 


CH4  -  C  +  4  H+  +  4  a" 


E  -  +  0.132  -  0.059'  pH  -  0.01477 
o 


(*) 


1o«*H4 


(42) 

(43) 


C  + 


c  + 


h20 


CO  +  2  H  +  2  e 


2HgO  -  COg  +  4  H  +  4  a" 


E  -  +  0.518  -  0.059'  pH  -  0.C2955 

°  lo*Pco 

E  -  ♦  0.807  -  0.059'  PH  +  0.01477 


log, 


PCO, 


(*)  Dans  l'Atlas  (1 5#  P.  453  at  fig.  7,  p.  455)*  1*  valeur  de  -0.132  a  dt d  indlqude 
par  erreur  au  lieu  de  +  0.132  pour  le  potential  d'dlectrodc  standard  pour  la 
reaction  41 . 
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Reactions  avec  F«tC 
Reduction  de  f*tC 


(30)  3  Fe 

+  CH4  -  Fe^C  ♦  »  H*  +  4  i’ 

(kydatlon  de  Fe-»C 

E0  ■=  ♦  0.181  -  0.059’  PH  -  0.01477 

l0«PCH* 

(30  T^C 

♦  4  H4  -  3  Fe4**  CHg  +  2  •“ 

E0  -  -  ’.678  +  0.1182  pH  +  0.08865 
log  (Fe++)  +  0.0e95  lOKpcHu 

(32)  FejC 

-  3  Pe44*  C  ♦  6  e- 

Eo  -  -  0.472  ♦  0.0197  log  (Fa++) 

(33)  Fe^C 

♦  HgO  -  3  Fe44*  CO  +  2H4+  8e" 

E0  -  -  0.17’  -  0.01477  PH  +  0.0221 5 
log  (Fe++)  ♦  0.00739  logpCQ 

(34)  Fe_jC 

♦  2  HgO  -  3  Fe44*  C0j;+  4H4+  ’  Oa" 

E  -  -  0.201  -  0.02364  pH  +  0.01773 
log  (Fe++)  +  0.0059’  loe,^ 

(35)  Pe^C 

+  4  1^0  -  Fe^ty  ♦  CH4+  4H++  4  •' 

E0  -  -  O.350  -  0.059’  P”  +  0.00148 

l0BPCHq 

(36)  Fb-jC 

♦  5  1^0  -  Fe^Oi)  +  CO  +  1  0  K++  X>  e' 

•  E0-  -  0.010  -  0.059’  PH  +  0.0059’ 

lo*PC0 

(37)  FejC  +  6  H20  -  Fa^O*  +  CO2+  12H+  +  12e"  E0-  ♦  0.3®  -  0.059’  pH  +  0.001.9? 

loKPcos> 

(38)  2  Fe_jC  +  13K20  -  3Fe20j+  2C02+26H++  4#_  E„  -  -  0.350  -  0.059’  PH  +  0.001 '.8 

1°6pCHj) 

Signalons  cl-apria  lea  conditions  d'dquillbre  du  sy3tfeme  Fe-H?0  pour  Ice 
reactions  falsant  lntervenlr  dcs  Iona  Po++  et  lea  corpa  oolldcs  Fe,  FejQi; 
•tFe20j  (’5.  P.309-3’0) 

(’3)  3  Fe  +4  Kj.0  -  Fe^ty  +  8H+  +  8  o"  E0  -  -  O.O85  -  0.059’  pH 

(!7)  2  Fej04  +  HgO  -  3Fe20j+  2H4  +  2  e-  E0  -  ♦  0.221  -  0.059’  P” 

(23)  Fe  -  Fe++  +  2  e"  E0  »  -  0.440  +  0.0295 


(23)  Fe  -  Fe++  +  2  e"  En  »  -  0.440  +  0.0295 

log  (Fo++) 

(26)  3  F0++  +  4  H20  -  Fe-O.  +  8H4  +  2  e*  E0  -  +  O.9SO  -  0.2364  pH  -  0.0656 

'  I03  (F 0++) 

(28i  2  Fe**  +  3  1U0  -  FepO*  +  6H+  +  2  0"  En  »  +  0.723  -  O.I773  pH  -  0.039’ 

2  log  (*+♦) 

A  la  figure  22  noua  avons  montre  : 

-  pour  Ip  ays terra  Fe-HoO  1  le;;  conditions  d'dquillbre  thermodyrrimlque 
entre  lea  corps  uollde3  Fe,  Ke.C^,  FopOp  «t  .os  Ions  dissou3  Fo++ 
(reactions  ’3#  ’7»  23,  26  ct  2Q) 

-  pour  lo  ayatcr.e  C-HpO  :  les  conditions  d'dquillbre  thermodynsmique  en- 
tro  le  C  eolide  ct  les  corpa  gaceux  CH;(  et  CO,  chacuu  pour  ur.c  fugacltd 
(ou  preisalon  partlello  corrlc^e)  de  1  atm.  (reactions  41  ct  43). 

-  pour  le  systems  Fe-/,C-Hr.O  :  les  fucacltes  (ou  pressions  parllelles  eor- 
rlgdes)  on  City  relatives  a  lu  reduction  de  FcjC  avec  formation  de  Fe 
(reaction  30)  et  a  l'oxydatlon  de  Ke^C  avec  formation  de  Fc,0.  (reaction 

35).  5 
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Dans  un  but  d«  simplification,  nous  n'avons  pas  considdry  leo  autres 
reactions. 

II  apparatt  k  la  figure  S5  que ,  comma  prdvu,  FbjC  cst  tou Jours  ther- 
modynamiquement  instable  k  ?5*C.  II  apparr.lt  aussl  que,  the  rood  yncmique- 
ment  parlant,  F*jC  peut  dlsparsltre  avec  formation  de  CH4,  soit  par 
reduction  (avec  formation  slmultan^e  de  fer  rndtalllque  Fe  selon  la  reac¬ 
tion  JO,  k  des  potentiels  lnfdrieurs  k  la  ligne  13),  ou  par  oxydatlon 
(avec  formation  slmultande  de  magnetite  Fe_jQ4  selon  la  reaction  JJ,  k 
des  potentiels  rupdrieurs  k  la  ligne  13).  Rappelons  que  C.N.  STAICOPOLUS 
(21  )  a  observd  que  FejC  peut  ?tre  effectivement  redult  par  Dolarlsatlon 
cathodlaue  avec  formation  de  fer  et  de  dlffdrents  hydrocarbures,  parmi 
lcsquels  surtcut  du  mdthanes  11  r,e  forme  aussl  du  CO  et  Hg. 

II  semble  done  que  1*  eacticn  thermodynamiquement  possible 
Fe^C  +  4  H*  +  4  e*-+  3  Fe  +  CHq  (30)  se  prodult  effectivement. 

Comme  le  montre  la  figure  £2,  les  fugac  ltes  d'dqulllbre  de  CH^  pour 
chacune  des  deux  reactions  ^0  et  ^  sont  extremement  dlevdes,  beaueoup 
plus  dlevdes  que  les  fugacitds  correspondantea  de  (15,  p.'OI)  :  la 
fugac  ltd  mirilmale  en  CHq,  qui  oxlste  le  long  de  la  ligne  relative  a 
l'dqullibre  Fe/Fte^Qq  (ligne  JJ),  est  10+'^  atm.,  au  lieu  de  lO1*2*^ 
pour  H^.  II  est  done  trks  possible  que,  dans  les  conditions  de  poten- 
tlel  d'dleetrode  et  de  pH  qul  existent  lorsqu'on  observe  une  corrosion 
et/ou  une  "fragility  d'lrydrogine",  du  Fe^C  est  decompose  avec  formation 
de  CHq  k  une  presslon  extremement  elevde.  Et,  dtant  donnd  que,  conns 
dlt  precede  T.-nent  (6d)  H  peut  etre  dissous  dans  le  fer  et  CHj,  ne  le  pout 
pas,  11  est  probaole  que  ce  qul  est  actuellement  consider^  conrne  "fragi¬ 
lity  d'hydrogine"  peut  etre  en  fait,  tout  au  molns  dans  certains  cas, 
une  "fragility  de  mdthane"  resultant  de  la  ddcompnsition  de  carbures 
exlstant  lc  long  de  Joints  de  grains. 

Nous  Httirons  l'attcntlon  sur  des  travaux  reinarquables  entreprls 
par  R.W.  STASHLE  (22)  qui  a  montrd  que  la  cymentlte  prdeente  dans  Is 
perlite  sc.  dlrsout  prdfd  rent  tenement  dans  oertaines  conditions  r  i 
pH  14  (-400  mV),  k  pH  4  (entre  environ  -  500  et  +  800  mV),  et  a  -  ICO  mV 
dans  des  solutions  de  MaCl. 

Des  travaux  compiymentalres  k  oe  sujet  sont  une  urgente  ndees-sity. 

II  serait  utile  aussl  de  clnrlfier  les  condlt'1  jns  dans  lesquelles  Fe_jC 
(ct  autres  carbures)  neuvent  dlsparattre  av  •«.  , o  relation  de  CO,  et 
yventuel  lemon*-  de  Ft(C0)«j. 

4.431.3  Solubility  d'oxydes  et  d'hydroxydeo.  Hydrolyse. 

La  figure  f 3  (16,  flg.14)  reprdsente  1' influence  du  pH  sur  lc 
solubllltd  de  quelques  oxydes  et  hydroxydes  Fr.ytallloues,  4  25*C. 

Cette  figure  ne  tlent  pas  compte  de  l'cxlstence  possible  de  dlf- 
ferentes  varietes  allotroploues  d'oxydes  et  d'hyaroxydes  (exceptd  pour 
l'aluminlum).  Elle  est  relative  a  des  solutions  exemptes  de  chlorure 
et  ne  consldbre  done  pas  la  formation  possible  de  complexes  chlords 
dissous  (par  example  avec  Cr,  Al)  ct  de  thlorures  baslques  Insolubles. 
Cette  figure  peut  cependant  donner  une  linage  approchee  des  phynoraenes 
d'hydroly.nc  qui  peuvent  se  produlre  lorsque  des  mdtaux  ee  corrodent  en 
solution  neutre. 


Supposons,  pour  fixer  les  Idles,  que  la  solution  exlstant  h  1 ' lnte- 
rleur  d'une  piqure  ou  fissure  est  saturde  en  un  oxyde  ou  hydroxyde  d'un 
mdtal  determine  et  a  une  activity  (ooncentratlo n  corrigdc)  en  metal 
dlssous  dgale  k  t  atom*  gran.no  par  litre.  Les  Ions  mdtalllques  en 
solution  dolvant  s'hydrolyser  Jusqu'k  cs  qua  le  pH  attelgne  la  valeur 
uorrespondant  k  eette  solubllite  de  1' oxyde  ou  hydroxyde. 

Pour  quelques  mdtaux  considdrd’s  k  la  figure  21  et  dans  l'"Atlas"  (15) 
nous  lndiquons  ci-aprfcs  ces  valeurs  de  pH,  cheque  fois  pour  deux  oxydes 
qul  sont  reopcctivement  la  forme  allotroplque  la  plus  soluble  (instable) 


et  la  forme 

la  molns  soluble  (stable)  : 

Zn++  s 

Zn(0H)2 

6.1  -*  5.5 

Zn(0H)2  £. 

Ni++  : 

N1(0H)2 

6.1  -»  6.2 

NiO 

Cr+++  « 

Cr(0H)3  hydrf 

4.0  -*  1.5 

Cr20j 

Al+++  s 

A1(0H)3 

2.7  -»  1.5 

AlgOj.JI^O  (Hydrargllllte) 

T10++  j 

TlC^.HsO 

-0.6  -» -6.5  ? 

TIC)? 

Pour  le  fer  les  oxydes  peuvent  Stre,  s' 11  n'y  a  pas  d'oxygdno,  du 
Fe(OH)p  Instable  et  du  Fe^O^  stable.  S'il  y  a  de  l'oxygkne,  11s  peu¬ 
vent  etre  du  Fe(OH)j  et  du  Fo20j  anhydre  : 

Fe++  :  Fe(0H)2  6.6  -*  6.0  Fe^O^ 

Fe+++  i  Fe(OH)j  0.6  -» -0.2  Fe^ 

Ce  raisonnement,  qul  est  certalnement  simplifies  de  manl&re  abusive  et 
qul  devralt  3tre  vdrifld  et  amellord,  conduit  k  la  classification  sui- 
vante  des  dldments  consider os  par  ordro  de  degrd  d'aeldite  croissant 
qu' 11s  provoquent  lorsqu'lls  se  dissolvent  Jusqu'k  saturation  en  oxyde 
ou  hydroxyde  : 

Ni  «  Zn  <  Fe  <  Cr  <  A1  <  T1 

Avant  de  terminer  la  prdsente  section  de  notre  expose,  nous  tils  Irons 
inslster  sur  la  ndeessite  de  eonnalscances  beaucoup  plus  approfondles 
concernant  la  thermodynamlque  (et  la  cindtlque)  relative  aux  trkc  nom- 
breux  composes  des  aclers  ct  autres  all ioges  oul  prdsentent  une  importan¬ 
ce  technique,  en  vue  de  l'dtude  des  reactions  qul  peuvent  se  produlre 
lors^'lls  3ont  en  presence  des  solutions  exlstant  k  l'lnterieur  des 
cavltds  actives.  Cecl  est  partieulidrement  Important  en  ce  qul  concerne 
les  constituants  qul  existent  le  long  des  Joints  de  grains. 

4.44  Cindtique  de  la  corrosion  des  aclers  par  piqflres  ct  par  corrosion  sous 
tensIonJ'et'de'Ieur’preventlonT"’ . *  ’  . . * 

La  flguro  £4  montre,  d'aprfcs  D.F.  BROWN  (20),  l'lnfluence  d'une  polari¬ 
sation  cathodique  sur  les  caractdrlstiques  dloctrochiniques  et  sur  la  vitesse 
de  prop  gation  do  fissures  oe  corrosion  sous  tension  d'un  acier  au  chrome. 

Si  i'on  compare  cot.tc  figure  ?4  avec  la  figure  17.  qui  concerne  i'i.illu- 
ance  d'une  polarisation  cathodique  sur  les  caractdrlstiques  dloctrochiniques 
d'une  cavcme  d'aeier  au  carbone,  il  apparalt  quo  ces  deux  caractdrlstiques 
sont  extremement  semblables  :  dans  les  deux  cas,  l'npplication  sur  les  surfaces 
externes  d'un  potentiel  d'dlectrode  lnfdrieur  au  "potential  do  protection 
oontro  la  piqQration"  rend  possible  une  suppi'eGsion  de  toutc  dissolution  du 
mdtal.  Dans  le  cas  de  corrosion  par  piqQres  et  de  corrosion  caverneusa,  ceai 
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conduit  ii  une  protection  total*  du  metal.  Dana  le  caa  dc  la  corrosion  flaau- 
rante  sous  tension  toutefoia,  la  protection  n'ost  aseurle  que  si  le  matlriau 
n'est  pas  sensible  4  la  "fragllisatlon  par  l'hydrog4ne*i  si  le  mtdrlau  est 
sensible  4  la  "fragllisatlon  par  l'hydrogkne",  des  potentials  aussl  falbles 
peuvent  condulre  4  un  accrolssenent  de  la  fragility. 

II  results  de  ce  qui  proofed*  qu'une  polarisation  cathodlque  4  des-poten- 
tlels  lnf^rieurs  au  "potentlel  de  protection  contre  la  piqGratlon"  (g^n^rale- 
ment  volsln  de  -0,2  4  -0,4  volt  par  rapport  4  1' electrode  standard  k  hydro¬ 
gens  eah)  peut  condulre  4  une  protection  de  tous  los  aclers  contre  la  corro¬ 
sion  par  plqdres  et  contre  la  corrosion  cavemeuoe.  Elle  peut  aussl  protd- 
ger  contre  la  corrosion  fissurante  sous  tension  les  aclers  qul  ne  sont  pas 
senslbles  4  la  "fragllisatlon  par  l'hydrogfcne".  Une  telle  protection  catho¬ 
dlque  peut  £tre  rdalla£e,  solt  par  un  traltemont  eiectrlque,  solt  au  moyen 
d' anodes  sacrlflclelles,  lesquelles  peuvent  6tre  mlses  en  oeuvre  sous  forme 
do  revdtements  mdtalllques  i  Zn,  Cd  et  Pb  (2}). 

En  ce  qul  concerns  les  aclers  senslbles  4  la  "fragllisatlon  par  l'hydro- 
gene",  11  exlste,  au  point  de  vue  purement  eiectrochimlque,  un  besoln  parti- 
culler  d'etudes  compldmentalrea.  S'aglt-11  riellement  d'une  "fragllisatlon 
par  l'hydrogine",  ou  s'agit-il,  en  tout  ou  partie,  d'une  "fragllisatlon  par 
le  methane",  due  4  une  action  sur  la  ciSmentlte  et/ou  sur  d'autres  carbures, 
sp£clalement  si  des  carbures  existent  le  long  des  Joints  de  grains  ? 

En  tout  dtat  de  cause,  11  y  a  lieu  d' examiner  avec  une  attention  toute 
sprfclale  les  id£es  orlglnales  £mlses  lors  de  la  conference  d'Erlcelra,  par 
A.  'jHABERS  (?4). 


4.5  Application  4  la  corrosion  du  tltane. 

Les  figures  25a  et  2rib  (25)  montrent  deux  diagrammes  d'dqullibres  po ten- 
tie  1/pH  pour  le  system?  binalre  Tl-HgO  4  25  *C,  qul  ont  et 4  etablls  respect!  vement 
sans  conslddrer  et  en  consid^rant  l'hydrure  de  tltane  TIHg.  Les  figures  ?6a  ct 
26b  montrent  les  dlagrammes  thdorlques  correspondants  d' immunlte,  corrosion  et 
passivation  du  tltane.  Ces  figures  montrent  touteo  deux  un  "triangle  de  corrosion" 
dans  lour  partlc  lnfdrleure  gauche,  dar.s  dos  conditions  ecides  et  trfcs  r^ductrices ; 
comme  la  plus  Grande  partie  de  ces  triangles  sc  sltuc  loin  en  dcssous  dc  la 
"llgne  de  l'hydroc^nc"  a,  l'affinito  de  reduction  de  l'uau  en  hydrogene  y  est 
considerable.  la  figure  27  (6a,  6c)  repr<$sente,  pour  rappol,  un  schema  preiimi- 
nalre  reentrant  les  conditions  probables  do  potentlel  et  de  pH  pour  la  corrosion, 
la  passivation  et  la  protection  du  tltane.  La  figure  2fl  (6a)  est  un  schema  pre- 
llmlnalre  pour  1' Initiation  et  la  propagation  d'une  fissure  de  corrosion  sous 
tension  dans  un  allluge  titane-alumlnium. 

Antoine  PCURRAIX,  Miroslav  MAREK  et  Robert  F.  HOCHMAH  (25)  ont  presente 
en  Janvier  197'  4  Atlanta  un  travail  de  recherche  effoctud  eu  Georgia  Institute 
of  'Jbchnology  pour  verifier  cxperlrwntalcmcnt  l'exlstenre  Uu  "triangle  de  cor¬ 
rosion"  montre  aux  figures  26  ct  27.  Des  courbes  de  polarlsatiin  cathodlque 
ont  ete  tracces  sur  du  tltane  cn  solution  dc  HC1  12  N  (p!i  »  -0,5),  Une  premie¬ 
re  strlo  d' experiences  a  ete  condulto  sur  ccs  surfaces  polios  4  l'omori,  rin¬ 
ses  a  l'cau  et  sechecs  4  l'alr  avant  Immersion,  et  a  conduit  4  la  courbc  repre- 
senlce  a  la  figure  20a.  Los  aut.curo  indiquent  que  "les  echuntl lions  ont  etc 
polarises  Jusqu'u  -1,0  voltcs)j  dans  HC1  12  N  ot  malntemis  4  ce  potentlel.  II 
en  eat  resulto  uu  debut  une  reaction  globalo  do  reduction  avee  dcf.agement  d'hy- 
drogtne,  sans  slgne  apparent  dc  corrosion  de  l'cchantlllon.  Aprts  environ 


une  deml-heure,  et  trie  soudainement,  une  pelllcule  blanche  a 'eat  sepnree  de 
l'dchantlllon  et  a'eet  lmmddlatement  dlssoute,  1 'electrolyte  s'est  rapidemcnt 
oolord  en  bleu  foned  par  formation  de  dlssous,  lo  courant  de  polarisa¬ 

tion  est  dovenu  fortement  anodlque  et  l'dlectrode  s'est  rapldement  corrodee 
avec  ddgagement  d'hydrogene.  la  polarisation  potent loclndtique  a  alors  dtd 
reprise,  &  potential  decroissant,  et  le  courant  anodlque  de  corrosion  s'est 
maintenu  Jusqu'k  un  potentiel  de  -1,65  volt^^.". 

Une  deuxikme  sdrie  d'espdrlences  a  dtd  condulte  sur  des  dchantlllons 
de  tltane  immergds  lmmddlatement  apres  polissage  ct  rlnqage,  sans  sdchage. 

Ceci  a  conduit  (figure  £9b)  k  un  potentiel  initial  k  courant  sdro  ldgkrement 
lnfdrieur  au  potentiel  observd  prdrdccnment  (-0,50  volt  au  lieu  de  -0,4}  voltesh), 
et  la  polarisation  cathodique  a  conduit  immddiatement  k  un  courant  anodlque, 
assocld  k  una  corrosion  et  k  un  ddgagement  d'hydrogkne.  Lors  de  cette  deuxlema 
sdrie  d'expdrlencea,  le  courant  devint  sdro  k  environ  -0,8  volte8h»  et  11  fut 
souvent  Impossible  de  maintcnlr  un  courant  anodlque  en  dessous  de  ce  potentiel. 

Lors  de  chacunc  de  ces  deux  sdries  d'expdrlences,  la  formation  de  Tilfe 
fut  decclde  par  analyse  avec  diffraction  de  rayons  X.  Ce  T11I2  a  dtd  trouvd  non 
protecteur. 

Parmi  leura  conclusions,  les  auteurs  exprlmcnt  l'opinlon  sulvante  on 
ce  qui  concerns  la  corrosion  flssuranto  sous  tension  i  "Lorsque  du  tltane 
ddpourvu  d'oxyde  (tel  qu'il  apparalt  lors  do  l'ouverture  a'une  fissure)  se 
trouve  en  prdsence  d'un  milieu  fortement  acide,  11  peut  se  corroder  avec  forma¬ 
tion  de  Ti++  ou  de  Ti+++  et  ddgagement  d'hydrogkne,  k  trds  bas  potentiel. 

II  est  probable  que  ces  ions,  qul  sont  tous-deux  thermodynamiquement  ln3tables 
en  prdsence  d'eau,  s'oxydent  en  TlQj  (dventuellement  hydratd)  avec  ddgagement 
d'hydrogdna.  La  vltesse  de  corrosion  du  tltane  k  bas  pH  et  bas  potentiel  peut 
Stre  trts  grande  (probablement  de  l'ordre  du  cm  par  heure,  mai3  ce  chlffre 
devrait  etre  prdcisc).  A  ces  potentiels,  TIH2  peut  se  former  sur  la  surface 
du  titane  et  facliiter  fortement  la  reaction  de  ddgagement  d'hydrogfene. 

II  n'est  pas  exclu  que  le  ddgagement  important  d'hydrogfcr.e  dans  ces 
conditions  p^rmette  une  diffusion  d'hydrogene  atomique  dans  la  matrlce  metal- 
llque,  k  partlr  de  1'extrdmltd  de  la  fissure  et  que  cet  hydrogkne  precipite 
au  sein  du  mdtal  en  HH2,  qul  est  un  composant  particuliferement  fragilisant 
du  titane  et  de  ses  alliages". 

Nous  rdfdrant  k  l'exposd  el-dessus,  nous  ddsirons  souligner  l'utllitd 
de  ces  travaux  effectuds  k  Georgia  Tech.  II  est  probable  que,  k  1'extrdmltd 
de  la  fissure,  la  solution  cat  saturce  en  un  chlorure  titaneux  (TiCl2  ou  TiCLj  ?) 
tres  soluble  et  instable j  cette  solution  serait  tres  concentrde  et  tres  acide. 

Dos  rochcrches  dlectrochimlques  effectudes  sur  une  telle  solution  de  maniire 
semblable  a  celle3  suggdrdes  ci-dessus  en  section  4.5.J  pour  le  fer  seraient  tres 
utiles  pour  eluclder  le  coir.portement  a  la  corrosion  sous  tension  du  titane  et 
d'alliages  de  titane.  Comme  lndlque  dans  les  sections  qui  precedent,  ces  rcoher- 
ches  devraient  etre  k  la  folo  dc  natures  thermodynamlque  et  clndtlque;  elles 
devraient  comporter  des  courbes  de  polarisation  sur  das  dlectrodes  non  soumiscs 
et  soumioeo  a  fluage  sous  des  efforts  de  traction. 
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5.  QUELQUK5  TftCHES  A  RKALJSER  COMCERKANT  L'EIECTROCHIMIS  DE  IA  CCRR  03.1  ON  FISSURANTE 
SOUS  TENSION. 


5.1  The  mocivnamltiue  dloetrochlmlnuo  de  la  c  ottos  Ion  dans  des  conditions  de  diffu¬ 
sion  restraints  (cellules  de  corrosion  oocluses). 

Reunir  les  donndes  thermodynamlques  aocessibles  pour  des  systAmes  mdtal- 
chlorure-eau,  partlculiArement  pour  le  fer,  le  chrome,  l'aluminlum,  le  titane  et 
pour  les  constituants  de  leurs  alllages.  Tracer  des  diagrammes  d'equillbres  pour 
cos  systemes,  en  considdrant  partlculleremcnt  les  solutions  conccntrdes  saturdes 
en  chloruras  mdtalliques.  Appliqucr  ces  dlngranmes  a  l'dtude  des  caractdristiques 
chimlques  et  dlecti'ochlmlques  possibles  dans  les  cavcrnes,  plqQres,  fissures. 

5.2  Expdrlences  dlectrochlmlques  concemant  les  cellules  de  corrosion  oocluses 

Prdparer  synthdtiquement  des  solutions  semblables  A  celles  exlstant  dans 
les  cavernes,  plqQres  et  fissures  actives  notammont  par  saturation  d'eau  exempte 
d'oxygdne  avec  des  chlorures  mdtalliques.  Etudler  expdrimentalement  la  cindtique  des 
clrconstanccs  de  corrosion  et  de  non  corrosion  dans  ces  cellules. 

5.J  Comportement  dlec trochlmlque  de  la  cdnwntlte  et  d'autres  carbures. 

Etudler  expdrlmentalement  les  conditions  pratiques  de  stabilltd  et  d'lns- 
tabilitd  du  FejC  et  d'autres  carbure3,  partlcullArement  on  ce  qui  conceme  1' influ¬ 
ence  du  potentiel  d'dlectrode,  du  pH  et  des  anions  (par  exemple  selon  les  mdthodes 
utilisdes  par  R.W.  STAEHLE  et  par  D.N.  STAICOPOLUS).  Examiner  les  conditions  de 
formation  de  CH4,  de  CO  et  de  FofCOjj. 

5.4  Electrochi mle  de  la  fraglllsatlon  par  l'hydrogfene. 

Poursuivre  les  dtudes  concemant  la  fraglllsatlon  cathodiquc  de  mdt.aux  purs 
et  d'alliages  (par  exemple  selon  les  mdthodes  de  B.F.  DROWN  et  de  M.  DRABEH3).  Exa¬ 
miner  s' 11  exlste  une  correlation  entre  les  resultat3  de  ces  dtudes  et  la  composi¬ 
tion  et  la  morphologie  des  alllages,  notamment  en  ce  qui  concerne  le  comportement 
des  composds  exlstant  aux  Joints  de  grains. 

5.5  Protection  dlcctrochlmlque  contre  la  corrosion  caverneuse,  la  corrosion  par 
plqQres  et  la  corrosion  flasurante  sous  tension. 

Vdrifier  l'efficacitd  de  proeddds  de  protection  cathodique  contre  les 
"corrosions  en  cellules  oocluses"  spdclalement  par  mise  en  oeuvre  de  revetements 
sacrlflclels  (en  plomb,  cadmium,  zinc,  etc.).  Examiner  la  possibilltd  d'dvlter 
la  corrosion  fissurante  sous  tension  par  des  traitements  superficiels  dvitant  la 
formation  de  cavernes  ct  plqQres. 

5.6  Mdthodes  dlectrochlmlques  d'essai  en  corrosion  fissurante  sous  tension. 

Mottre  au  point  des  mdthodes  dlectrochlmlques  accdldrdes  pour  1* appreciation 
de  la  suscoptibili td  k  la  corrosion  fissurante  sous  tension,  pour  diffdrents  mdtaux 
et  alllages  et  dans  des  conditions  conduisant  a  des  resultats  en  harmonle  avec  les 
rdsultats  du  comportement  en  service.  Uti.llser  ces  mdthodes  pour  mottre  au  point  de 
nouveaux  alllages.  Une  attention  partlculifera  est  A  apporter  aux  mdthodes  de  fluage 
A  courant  nul  et  dans  des  conditions  potentlostatlques. 
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AK1  EXE  i  POTENT  IE  L  D 1  IM-iTOHS .  POTECTIEL  Ml  PASSIVATION.  POTEKTIEL  PS  PIQQRATIOH 
ET  POTEMTIEL  DE  PHgrsCTIOH  CCNTRE  LA  PIQOBATION. 


Nous  rappelona  quo,  comma  expos*  dans  des  publications  pr*c*dentes  (6a,  6c),  la 
figure  30a  reprdsente  schdmatiquement  cinq  courbes  de  polarisation  potentiocln*tique 
relatives  a  du  fer  ARKCO  dans  des  solutions  exemptss  de  chlorure  de  pH  5,  7,  9,  "  et 
13.  De  ces  courbes  de  polarisation  11  est  ala*  de  dddulre  la  figure  30b  qul  represents, 
en  fonctlon  du  pH  et  du  potentlel  d'dleotrode,  des  clroonstances  exp*rlmentales 
d'immunlt*,  de  corrosion  g*n*ralls*e  et  de  pasolvlt*. 

Lee  potentlela  qul  adparat  les  regions  d'immunlt*  et  de  corrosion  gendraliade  sont  • 
leu  potentials  d'dqullibre  C  de  la  reaction  de  corrosion,  en  desaous  desquela  cette  r*ao- 
tlon  est  thermodynamlquement  Impossible.  Les  potentials  qul  apparent  les  rdglons  de 
corrosion  g*n*ralla*e  et  de  passlvit*  sont  les  potentials  de  passivation  P  au  desaus 
desquels  un  film  protecteur  est  form*  sur  le  m*tal. 

La  figure  31a  represents  schdmatlquement  cinq  courbes  de  polarisation  en 
solutions  des  memes  pH  5  k  '3,  mais  renfermont  10*2  ion  £101590  Cl”  par  litre  (355 
ppm),  r  est  le  potentlel  de  rupture  (ou  de  plqQratlon)  au  dcssus  duquel  le  film 
de  passivation  devlent  localement  non  protecteur,  ce  qul  conduit  k  la  formation  de 
plqGres.  £  est  le  potentlel  4a  protection  contra  la  plqQratlon,  en  deesous  duquel 
les  piqOres  formdes  cessent  de  frandlr,  at  devlennent  dono  inoffensives.  Ia 
figure  31a  permet  de  tracer  la  figure  31b  qul  montre,  outre  les  regions  d*Jk  men- 
tlonndes  d'lmnunlt*,  oorroslon  g*n*ralls*e  et  paaslvlt*,  une  rdglon  de  plqQratlon 
(sltude  au  dessus  du  potentlel  de  rupture  r,  lequel  ddpend  fortement  du  pH  et  de 
la  teneur  en  chlorure);  la  llgne  qul  repr*sente  le  potentlel  de  protection  £  (le* 
quel  est  presque  independent  du  pH  at  de  la  teneur  en  chloruru)  dlvlse  le  domains 
de  passlvit*  en  une  region  sup*rleure  oil  les  piqOres  pr*exi5tantes  dventuelles 
grar.d!as«nt  (la  puasivit*  ost  alors  imparfalte)  et  une  r*glon  lnf*rieure  oil  les 
plqQres  prcsxlstantes  ne  grandlssent  pas  (la  passivlt*  est  alors  parfaits).  La 
figure  31b  montre  aussl  que,  pour  dss  pH  lnf*rleurs  k  6,  11  ne  se  produit  pas  de 
passivation;  seule  une  corrosion  gdn*rslls*e  est  alors  possible. 

La  figure  A.  qul  est  semblsble  k  la  figure  31b.  montre  les  conditions  de 
potentlel  ct  de  pH  qul  cont  possibles  lorsque  du  fer  eat  en  presence  d'une  solution 
de  pH  8  1  O'2  ntolalre  en  Cl*.  31  la  solution  est  exempte  d'oxygkne  et  d'autres 
oxydants,  le  potentlel  d'dlectrode  du  fer  non  polaris*  se  placers  au  point  et 
11  se  produlra  une  certalne  corrosion  g*n*ralls*e  aveo  d*gagement  d 'hydrogens;  si 
de  telles  conditions  d'abscncs  d'cxygkne  n'exlstent  que  sur  une  partle  d'une  struc- 
tare  en  fer,  la  corrosion  g*n*ralls*e  alnsl  lnltl*s  oonduirs  k  une  corrosion 
cavern*»use.  31  la  solution  renferme  de  l'oxygkne.  le  potentlel  d'*lcctrode  peut 
e'*lever  au  point  2  et  ccoi  conduit  k  la  formation  de  plqQres.  Dans  les  deux  css 
(en  absence  et  en  presence  d'oxygfcne),  les  prodults  de  corrosion  stables  ne  sont 
pas  les  Ions  Fe'f+  et  Fe'M"t'  form*s  prlmalrement,  male  des  oxydes  et  hydroxydes  tels 
que  Fe,04  et  Fe ( OH )  j ;  11  se  produit  dono  une  hydrolyse  k  l'lnt*rieur  des  cavemes 
et  plqures  salon  les  r*actlons 

3  Fe*+  ♦  k  HjO  -*  Fe^O^  +  8  H+  +  2  e" 

et  Fe^e  3  HgO  Fe(CH)3  +  3  H+ 


et  si,  comma  e'est  g*n*ralement  le  css,  les  csvernes  et  plqQres  sont  occluses  du  fait 
de  d*p3ts  de  prodults  de  corrosion  solldes,  cette  hydrolyse  conduit  h  une  acidification 
locale  k  l'lntdrleur  des  cavernss  et  plqQres;  si  du  chlorure  est  pr*sent,  cet  acide  est 
de  l'aclde  chlorhydrlque,  qul  est  partlcullkrement  agresslf. 


390 


BIBLIOGRAPHIC 


1.  J.R.  BAYLI3 

Nit.  Ch«n.  Eng.  J2,  (1925). 

2.  T.P.  HOAR 

The  Corrosion  of  Tin  In  Nearly  Neutral  Solutions. 

Tnms.  Faraday  Soe.  31.  1152  (1937). 

3.  C.EDEIEANU  it  U.R.  EVANS 

Trana.  Faraday  Soo.  1121  {I95I1. 

4.  U.R.  EVANS 

a)  The  Corrosion  and  foldatlon  of  Metals.  -  Publ.  Arnold,  Londrea(1960). 

b)  An  Introduction  to  Metallic  Corrosion.  -  Publ.  Arnold,  Londres  2e 
Edition  (1963). 


5.  X.L.  ROSENFSID  it  I.K.  MARSHAK OV 


-  Corrosion  20,  U5t-125t  (1954). 


6.  N.  POURBAIX 


7.  T.P.  HOAR 


a)  Recherches  en  corrosion.  Results ta  de  travaux  r<centu.  Voyages  avuc 
Etata-Unls  d'Am^rlaue.  -  Rapports  Techniques  CEBELCCR  109.  RT.157 
(1969). 

b)  Uae  mdthode  dlectrochlmlaue  raplde  do  prfrld termination  de  la  corro¬ 
sion  atmospIrfrlQue .  -  Rapports  Techniques  CEBELCCR,  109.  RT.160  (1965?/ 

c)  Bases  fondamentales  de  la  protection  cathodloue.  et  applications. 
Rapports  TbchnlQuea  CEBELCCR  111.  RT.166  (1969). 

d)  Reoent  applications  ut  elcutrooe-potentlal  measurements  In  the 
thermodynamics  and  kinetics  of  corrosion  of  metals.  -  Rapports 
Techniques  CEBELCCR  112.  RT.167  (1070). 

a)  Signification  of  the  protec tlcn-potentlal  in  plttlng-corroslon. 
Intergranular  corrosion  and  s t rc 3 s- corrosion  cracking.  -  Corrosion, 

26.  ^I-M  0970). 

Nature  216,  1299  (1967). 


8.  J.  KRUGER  et  J.  AMBROSE 

Breakdown  of  passive  films  on  Iron  by  chloride  Iona.  -  Rapports  Techni¬ 
ques  CSBELCOR  1 12.  HI.  169.  et  dlscu3Blon  (1970). 


9.  B.P.  BROWN 


10.  J.  MONTUEUE  Acquisitions  rfoentsn  eu  gujet  dc  .'.'criulnr  nt  de  la  prevention  dea 

BhlnemSreg-de  cor  roc;  on  sous  Pnrl'H-  Jourirces  de  In  Corrosion,  Lille, 

11.  M.  POURBAIX,  J.  VAN  KUYLCEH,  P.  VAN  LAS t,  A.  KCrETDC  et  do  ZOUBOV  /e.vrll  Yjjog 

a)  Sur  la  tension  d'ul’v 1  trade  dn  cilvrv  rti  presence  d'oau  de  Bruxelles. 


Stress-corrosion  cracking  of  high  strength  stoelo.  -  Rapport 
prdsent<5  lors  dela  Conference  de  l'CTAN  &ur  la  Corrosion  sous  Tension, 
21  septembre  1970. 


et  d 


Rapports  Itechnlqj^3  CSBELC&l  i_CO,  RT.123  \'9'i3). 
b)  Relation  ontrv  la  tension  d'iloctrcrdo  et  les  oircor, stances  rit  rorro 


on  du  cuiv 


otir,  tances 


un  contact  du  culvrv  a/00  on 


graphite  ou  evee  de  r latino.  -  Rapports  Techniques  CRUELCGX  1  00, 
RT.126  (1965). 


391 


e)  Caraotdristlquea  dlectrochlmlquos  de  plqQres  de  corrosion  du 
oulvre  en  presence  d'eau  et  tie  aolutlona  aqueuset  chlorurdea. 
Rapporta  Techniques  CEBELCOR  100,  RT.127  (1965). 
d)  Mdthodes  accdldrdes  d1 appreciation  du  rlaque  da  ploflratlon  du 
oulvre  en  presence  d'eaux.  Application  A  l'dtude  de  l'lriflucnoe 
d'un  contact  du  culvre  avec  un  autre  rental  ou  avec  du  graphite. 
Rapporta  Techniques  CEBELCOR  100.  RT.128  (1965). 

•)  Sur  le  comportement  du  culvra  en  presence  de  aolutlona  de 
bicarbonate  de  a  odium. 

Rapporta  Teohnlquaa  CEBELCOR  101.,  RT.133  (1965). 

12.  N.  POURBADC,  J.  VAN  MUYIDER,  P.  VAN  LAER,  A.  POURBADC  et  N.  de  ZOUBOV. 

a)  Fundamental  research  on  the  electrochemical  behavior  and  the 
corroalon  of  copper.  Report  to  INCRA. 

Publication  CEBELCOR  E.53  ( 1 96-4 ) . 

b)  Electrochemical  nature  of  the  pitting  of  copper  In  water  and 

In  aqueoua  aolutlona. (Trad,  de  R.J.F.  THORPE  du  Rapport  Technique 
CEBELCCR,  RT.127).  Publication  CEBELCCR  E. 61  (1967). 
o)  Accelerated  teat  for  measuring  the  ausceptlblllty  of  popper  to 
pitting  in  water.  Applied  to  studying  the  effect  of  ooupllng 
popper  with  other  metals  and  with  graphite. 

(Traduction  de  R.J.P.  THCRPE  du  Rapport  Technique  CEBELCCR  RT.128) 
Publication  CEBELCCR  E.62  (1967). 


13.  J.  VAN  MUYLDER,  N.  de  ZOUBOV  et  M.  POURBADC 

Dlagrammea  d'dqulllbrea  tens  ion/pH  dea  ayatfemea  Cu-tfaO  et  Cu-Cl-HpO. 
Rapporta  Techniques  CEBELCCR  8^,  RT.101  (1 962 ) . 

14.  S.  SMIALOVSKA  Communication  verbale  de  M.  SMIALOVSKI,  Bruxellea,  23  Juln  1969. 


15.  M.  POURBADC  et  al.  Atlaa  d'dqulllbrea  dlectrochlmlquea  en  aolutlona  aqueuaea. 

a)  en  franqala  «  Publication  Oauthler-Vlllara  et  CEBELCCR  (1963). 

b)  en  anglala  :  Publication  Pcrgamon  Preaa  et  CEBELCCR  (1966). 


16.  M.  POURBADC  Lecona  aur  la  corrosion  ^lectrochlmlque. 

Rapporta  Teohnlquaa  CEBLu;uR  RT.57b,  30,  49,  86  et  91  • 

17.  M.  POURBADC  et  al.  Etudea  potentloclndtlauea  et  corroalmdtrlouea  sur  le  comportement 

d'aolera  alllda. 

a)  en  franqala  :  Rapports  Techniques  CEBELCOR  1 03,  RT.120  (1962) 

b)  en  anglala  »  Corrosion  Science  2.,  239-259  (1963). 

18.  A.  POURBADC  Etude  de  la  corrosion  localises  de  l'aoler  en  solution  chlorurde 

Rapporta  Techniques  CEBELCOH  11 8.  RT.I98  (1970. 


19.  E.D.  VERINK  et  M.  POURBADC 

Use  of  potentloklnetlr  methods  at,  successively  Increasing  and 
decreasing  eHct.vode  potentials  In  developing  alloys  for  saline 
exposure.  Rapports  Ttechnlqueo  CEBELCOR  117,  RT.19'  ('970. 

20.  B.F.  BROWN  a)  en  collaboration  avec  C.T.  FUJII  et  E.Fh.  DAUIBEHO 

Methods  for  studying  the  solution  eheir.lsti'y  within  stress- 
corrosion  cracks.  J.  Electrochemical  3oc.  116.  218-219  ('960). 


392 


b)  On  the  electrochemistry  of  stress-corrosion  cracking  of 
high  strength  steels.  Publ.  CFBSLCCK  E.?6  (l969). 
o)  En  collaboration  avec  0.  SANDCK  et  C.T.  FUJI  I 

Solution  chemistry  within  stress-corrosion  cracks  In  alloy- 
atcels.  NRL  Report  (15«C8.1969)>  A  publ  lor. 

21 .  D.N.  STAICOPQLUS  The  role  of  cementlte  in  the  acidic  corrosion  of  steel. 

J.  Electrochemical  Soc.  110,  1121-1124  ('963), 

22.  R.W.  STAEHLE  Dissolution  of  Iron  and  iron  carbide  In  the  oearllte  matrix 

Rapport  Technique  CEBSIL’OR  114,  RT.177  (1970). 


23.  M.  VAN  DRQFFELAAR  Experiences  with  the  protection  of  austenitic  stainless  atcels 

In  chloride-containing  environments.  Rapports  Techniques 
CEBSLCOR  112.  R'r.172  (1970). 

24.  M.  BRABERS  Fraotographlc  Analysis  of  Hydrogen  Embrittlement. 

Rapport  pr^aentd  4  la  "NATO  Stress-Corrosion  Conference" 
Erlceira,  29  mars  -  2  avril  197'  < 


25.  A.  POURBADC,  M.  MAREK  et  R.F.  HOCHMAN 

Comporteinent  ^lectrochlmlque  du  tltane  A  bas  pH  et  k  baa 
potential  d1  Electrode. 

Rapports  Techniques  CEBELCOR  1_18,  RT.197  (1971  ). 


TABLE  DES  FIGURES 


Figure  1  Potential  d'<5leatrodo  du  fer  en  absence  (ligne  1)  et  en  presence  (lignes 
2a  et  2b)  d'oxygkne,  en  aolutlona  exemptes  de  ohloruro.  Clroonstances 
gkn4 rales  d' Immunity,  de  corrosion  et  de  passivity. 

Figure  2  Initiation  d'une  caverns  de  corrosion  du  fer. 

Figure  3  Initiation  d'une  plqGre  de  corrosion  du  fer. 


Figure  4  Clrconstanoes  de  pH  et  de  potentlel  en  presence  d'une  solution  de  pH 
volaln  de  8  (10*2  Molaire  en  Cl",  solt  355  ppm.). 


5 

Figure  6 
Figure  7 

Figure  8 

Figure  9 

Figure  10 


PlqQre  de  culvre  en  presence  u'eau  de  Bruxelles  frolde. 

Diagramme  d'dqulllbrespotcntlel/pH  pour  le  systkme  b  Inal  re  CU-H2O  k  25*C. 

Dlagramme  d ' dquilibrea potent lei/pH  pour  le  systkme  temaire  CU-CI-H2O, 
k  25*0  pour  une  teneur  en  chlorure  Ubre  kgalo  k  1  0“2  M  (355  ppm  Cl"). 

Dlagramme  d'lquillbres  potentlel/pH  pour  le  systkme  quinaire  Cu-Cl-CQg-SOj-HgO 
k  25*C.  Solutions  contenant  22  ppm.  Cl",  229  ppm  CO2  et  46  ppm,  SOj. 

Influence  de  l'actlvltl  des  Ions  Cl"  sur  les  caraotdristlques  chimlques  et 
dleotrochlmiques  de  piqGres  de  culvre,  k  25*0. 

Dlaposltlf  experimental  de  production  artificielle  de  plqQrea  de  corrosion. 


393 


Figure  1 1 

Figure  12 

Figure  13 
Figure  14 

Figure  15 
Figure  16 
Figure  17 


Figure  18 

Figure  1 9 

Figure  20 

Figure  21 
Figure  22 


Figure  23 
Figure  24 

Figure  25 


•2 

Potentials  d'dlectrode  du  fer  en  presence  d'une  solution  de  pH  8  (10 
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b)  en  oonslddrant  Till 
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b)  dchantlllon  de  tltane  lmmerg<  lmm^diatement  apres  pollasage  (d'aprfcs 
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Figure  30  Comportement  de  fer  en  solutions  exemptes  de  chlorure 

a)  courbes  de  polarisation  en  presence  de  solutions  de  pH  5  *  13 

b)  clrconstances  exp4rlmentales  d' immunity,  corrosion  g^n^rallsde 
et  passlvlttf. 

Figure  31  Comportement  de  fer  en  presence  de  solutions  renfermant  du  chlorure 
(10"2  ion  gramme  par  litre,  i.e.  355  ppm  Cl"). 

a) ,  courbes  de  polarisation  en  presence  de  solutions  de  pH  5  A  13. 
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FIGURE  4  :  Clrconetancea  de  pH  et  da  potential  en  presence 
d'une  solution  de  pH  volaln  de  8. 

(10*2  Molalre  en  Cl",  aolt  355  ppei  Cl") 


CuCOl'CtllOH),  (MR i 


F10URE  5  1  PlqOre  de  culvre. 

Section  montrant  la  presence  de  CujO  rouge  et  de 
CuCl  blanc  sous  une  couche  de  malachite  verte. 
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PIGURE  6  i  Dli(i«m  d'dquilibraa  potan- 
tlal/pH  pour  la  ayatioa  blnalra  Cu-HgO, 

4  25*C. 


FIOURE  7  i  Diagranroe  d'dquilibraa  potan- 
tial/pH  pour  la  ayatiraa  tarnalra  Cu-Cl-HgO 
4  25*C,  pour  una  tanaur  an  ohlorure  libra 
tfgala  4  10-2  (355  p.p.m.  Cl*). 


FIGURE  8  t  Diagram*  d'dqullibraa  potantlal-pH 
pour  la  ayatfcma  qulnalra  Cu-Cl  -COg-SOj-HgO,  4 
25*C.  Solutlona  contanant  22  p.p.m.  Cl*.  229 
p.p.m.  COu,  at  46  p.p.m.  SO.. 


FIGURE  10  :  Dlsposltlf  experimental  de  production  artlficlelle  de  plqures 
de  corrosion. 
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FIGURE  11  i  Conditions  de  pH  et  de  potentiel  du  fer  en  presence 
d'une  solution  de  pH  volsln  de  8. 

(10*2  M  dsns  Cl",  sol t  555  ppm  Cl") 

1.  fer  non  polarls4  en  presence  de  solution  exempts  d'oxygine  : 
ddbut  de  corrosion  gdnlrsllsde. 

2.  fer  non  polarlsl  en  presence  de  solution  oxyginie  i  d«Sbut  de 
plqGratlon. 

J.  plqflres  et  crevssses  actives. 


Air 


turUt 


ioluhfn 


Cat  hrrl: 


Oxydt 


FIOURE  12  :  Corrosion  aux  d^fauts  de  la  pelllcule  d'oxyde  sur  du  fer  . 
en  presence  d'une  solution  de  chlorure  de  sodium. 

(d'apris  U.R.  EVANS). 
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FIOUHE  16  )  Dlsposltlf  pour  1 ' 4tude  da  la  corrosion  cavemeuse, 


O  *  2  3  M  9  •  7  ft  9  IO  II  12  15  M 


PI  PURE  17  :  Influenca  d'una  polarisation  cathodlqua  sur  lea  earscttfrls- 

tlques  llactroohlmlquas  d'una  plqQre  (ou  cavarna)  da  corrosion. 
(Aolar  au  carbons  ordinaire  en  presence  da  solution  airii  da 
NaOH  0.001  M  at  NaCl  0.001  M). 

On  a  r^unl  par  un  pointlllA  las  caractlrlstlques  slmultanies  da  la  surface 
non  atfrtfe  (plqQre)  at  da  la  surface  a<r4e.  Lae  points  aarqu^s  0  correspon¬ 
dent  K  une  absence  de  polarisation;  las  points  1  A  9  correspondent  &  das 
polarisations  cathodlques  de  la  surface  a^rrfe. 


0t  sam  polarisation 


\  \  / 

V  \  f  * 

v  '  I  / 

\  I  * 

w  s 

,-XK 

~  *  I  t  V 


i  surface  extern* 
N.  (passive) 


surface  intern* 

l  active  i 


PIOURE  18  i  Courbet  d*  polarisation  cathodlqu*  pour  une  Electrode  d*  far  duplex  en 
solution  NaCl  10*3  M  at  NaOH  10*3  m.  (pH  exteme  »  9,5;  pH  Interne  «  5,5). 

(d'aprka  Antoine  POUHBAIX) 
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..  ,  19  :  Clrconstances  d' immunity,  de  corrosion  gdnlrellsde,  de  plqQrntlon  et  de 
passivation  parfalte  et  lmparfalte  pour  nix  tillages  blnalre-  P  -Cr  en  presence  de 
solutions  0.1  M  en  Ions  chlorure. 


HOURS  20  s  Effat  da  la  tanaur  an  ohroaa  aur  laa  pot  anti  ala  k  courant  nul  daa 
alllagea  blnalraa  Pa-Cr,  an  f one tl on  du  pH. 


PIOURE  21  :  D!  tgrararae  d'lqulllbraa  potantlel/pH  du  ayatkma  Cr-fLO,  fc  25*C. 


FIGURE  22  i  Diagrams  d' Aqullibres  potential/ PH  du  system*  Fe-C-HgO,  i  25 *C 


O  i  a  j  1  9  «  7  8  »  iO  tt  it  i*  n 


FIOURE  24  :  Influence  d'une  polarisation  cathodlque  sur  las  carectlrlstlques 

£lectrochlmlques  et  sur  la  vitasse  da  propagation  d'una  fissura  da 
corrosion  sous  tension.  (Aciar  au  chroaia  AISI  AJ40  on  presence 
d'une  solution  da  NaCl  3%).  (d'aprks  B.F.  BROWN) 

La  "dial  deflexion  rata"  lndiqu<  dans  la  partla  da  droite  da  la  figure  mesure 
la  vitasse  da  propagation  da  la  fissure. 
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nia  protaatsur. 


Etat  d<  lurliM  twill 


tut  dt  surface  WMtul  nan  oiyd* 


FIOUHE  29  :  Court>«»  de  polarisation  cathodlque  da  titan*  en  solution  HCl  12  N. 

a)  Echantillon  de  titan*  poll,  rincd  *t  *<ch<  avant  lnwersion 
dans  la  solution. 

b)  Echantillon  d*  titan*  lmm*rg<  lmmidiat*m*nt  aprks  pollasag*. 

(d'apr+s  A.  POUKBitlX,  M.  MAHEK  et  R.F.  H0CW1AN) 


d)  Initiation  d'una  pi-  o)  propagation  d'una 

oOro  par  dissolution  flasuro  par  dlaso- 

ot  turdrolpsa  d’lons  lutton  da  ralllagt 

»1  4—  El. 

FIOUHE  27  i  Maturation  *t  FIOUHE  28  i  Initiation  «t  propagation  d*  fissur**  d* 
protection  du  titan*.  corroalon  sous  tension  dans  un  alllag* 

(Ab**nc*  d*  piqflratlon)  titan*-alu«iniua. 

(Schema) 


pis  *  tvo.on 


Wfar  4tg*jfrrmtt  rfydrsyfot 


toe 


a)  oourbes  da  polarisation  an  presence 
da  solutions  da  pH  5  k  1J. 


b)  clrconatances  experimental#* 
d'lssxinltd,  da  corrosion 
gdndrallsda  at  da  passlvltd. 


FIOUKE  TO  i  Caaportaaant  da  far  an  solution  exempts  da  chlorura.  (Schema) 


Ql*  •  •  »0  •»  * 


a)  courbea  da  polarisation  an  presence  b)  clrconstances  ax  pd  risen  talas 

da  solutions  da  pH  5  &  13.  d'laraunltd,  da  oorroslon  gdndrallsda, 

da  passlvltds  parfalta  at  lmparfalta, 
at  da  plqOratlon. 

PIOUHE  31  <  Comportament  da  far  an  solution  chlorurde. 

(10*2  lon.g  par  litre,  solt  355  ppm  Cl").  (Schema) 
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On  the  Electron-Configuration  Theory 
Of  Marina  Corrosion1 


L.  H.  Sannatt,  L.  J.  Swartzandrubar ,  and  M.  B.  McNail 

National  Buraau  of  Standards 
Washington,  D.  C.  20234 


Tha  electron-configuration  thaory  of  corroaion  lntroducad  by 
Uhlig  ralataa  chemisorption  and  passivity  to  alloy  compositions  having 
favorabla  d-alactron  configurations.  This  thaory  postulatas  a  critical 
composition  for  passivity  which  coincides  with  a  theoretical  filling 
of  tha  d-band  in  a  "rigid-band"  description  of  these  alloys.  Re¬ 
cently,  detailed  knowledge  of  tha  electronic  structure  of  Cu-Nl 
alloys  has  bean  greatly  increased,  and  it  no  longer  appears  that 
a  strict  band  modal  alone  can  give  an  adequate  description  of  tha 
disordered  alloys.  Recant  theories  and  modern  spectroscopic  methods, 
including  soft  x-ray  and  photoelactron  spectroscopy  and  other 
techniques,  have  provided  a  great  daal  of  new  knowledge  concerning 
the  electronic  structure  of  Cu-Ni  alloys.  In  light  of  these  experl- 
aental  and  theoretical  developments,  this  paper  investigates  whether 
or  not  there  is  any  evidence  to  support  an  electron-configuration 
theory  of  corroaion,  without  regard  to  the  question  of  passivity, 
for  Cu-Ni  alloys  in  saltwater.  The  addition  of  small  amounts  of  Fe 
has  important  affects  on  the  corrosion  rate  in  the  copper-rich  alloys 
and  the  relevance  of  this  to  tha  electron-configuration  theory  is 
considered.  Effects  of  metallurgical  variables  and  of  film  prop¬ 
erties  ere  noted.  The  related  topic  of  heterogeneous  catalysis  is 
discussed. 

Kay  Words:  Alloy  thaory:  catalysis;  chemisorption; 

Cu-Ni  alloys;  d-bands;  electron-configuration;  metallurgy; 

passivity;  rlgld-bsnd  model;  saltwater  corrosion;  surfaces 


I.  Introduction 

Copper-nickel  alloys  sre  widely  used  in  saline-water  environments  where  long  service 
life  or  other  desirable  propertiea  often  Justify  the  expense  (l)2.  The  corrosion  behavior 
of  these  alloys  in  such  environments  is  highly  dependent  upon  tha  alloy  coaposltlon.  As  is 
evident  from  Figure  1,  the  problem  of  selecting  the  optimum  composition  for  a  glvan  appli¬ 
cation  is  not  usually  as  slsple  as  obtaining  the  lowest  possible  corrosion  rata  consistent 
with  price.  In  addition,  the  properties  are  usually  further  modified  and  Improved  by  the 
addition  of  small  amounts  of  other  elements,  notably  iron  (2,3).  A  theoretical  under¬ 
standing,  even  if  approximate  or  imperfect,  of  the  effect  of  Hi  concentration  and  other 
element  additions  on  the  corrosion  behavior  could  contribute  to  the  development  of  alloys 
tailored  for  specific  applications. 

The  nechanisna  Involved  in  tha  corrosion  behavior  of  the  cupro-nlckels  have  bean  ex¬ 
tensively  investigated  and  discussed.  The  rate  determining  step  in  the  corrosion  process 


1  Supported  in  part  by  tha  Office  of  Saline  Water,  U.S.  Department  of  Interior. 

2  Figures  in  parentheses  indicate  the  literature  references  at  the  end  of  this  paper. 
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FIGURE  1.  Behavior  of  copper- 

nickel  alloys  in  sea  water  (From  F. 
LaQue,  J.  Amer.  Soc.  Nav.  Engra.  53, 
29  (1941).  Biofouling  is  reduced 
in  the  Cu-rich  region  by  the  pre¬ 
sence  of  sufficient  Cu  ions  in 
the  water,  alnce  copper  is  toxic 
to  many  marine  organisms.  The 
origin  of  the  pitting  is  not  known, 
but  pitting  is  often  associated 
with  pasaivity. 


occura  at  the  "film"  or  "scale"  that  forms  and  separataa  the  base  metal  from  the  corrosive 
solution.  There  are  two  interesting  directions  from  which  to  view  this  film.  The  first, 
which  might  be  considered  the  electrochemical  point  of  view,  or  from  the  outside  looking  in, 
is  mainly  concerned  with  film  propertiaa  and  film-electrolyte  reactions.  The  second,  or 
alloy  theory  point  of  view,  la  mainly  concerned  with  the  electronic  structure  of  the  metal 
and  its  effect  on  metal-film  lnteractiona.  These  two  views  are,  of  course,  not  mutually 
exclusive  but  arise  mainly  from  the  complexity  of  the  problem  and  the  fact  that  few  studies 
are  concerned  with  all  the  Intricacies  of  both  electrochemistry  and  solid  state  physics. 

This  paper  will  be  concerned  mainly  with  the  latter  point  of  view,  from  the  inside 
looking  out.  This  is  an  appropriate  time  to  consider  this  viewpoint  since  there  has  re¬ 
cently  been  a  great  flurry  of  activity,  both  experimental  and  thaoretlcal,  on  the  electronic 
structure  of  copper-nickel  alloys.  In  particular,  it  la  now  apparent  that  the  "rigid-band" 
model,  on  which  auuiy  previous  arguments  have  been  based,  does  not  give  an  adequate  descrip¬ 
tion  of  the  electronic  structure  of  these  alloys. 

Practical  corrosion  situations  are  very  complex,  and  no  one  point  of  view  could  hope 
to  give  predictions  for  all  situations  which  arise.  When  conditions  are  such  that  very 
thick  adherent  films,  or  "scales"  (say  £  10  um  thick),  are  allowed  to  form,  the  scale  prop¬ 
erties,  both  chemical  and  mechanical,  are  of  overriding  importance  (4).  Under  some  con¬ 
ditions,  tne  corrosion  rates  of  Cu-Ni  alloys  in  saltwater  are  greatly  reduced  and  become 
practically  independent  of  Ni  concentration  after  sufficiently  thick  films  are  allowed  to 
form.  For  thinner  films  (say  M).l  pm)  the  Ni  concentration  in  the  alloy  is  Important.  The 
chemical,  mechanical  and  electronic  properties  of  the  film  are  probably  the  most  Important 
factors  determining  the  reaction  rate.  However,  for  very  thin  films  (say  ~  0.1  urn)  the 
chemical  reaction  between  the  metal  substrate  and  the  film,  which  in  the  final  analysis 
determines  the  protective  properties  of  the  film,  are  of  importance.  For  this  case  the 
electronic  structure  of  the  alloy  must  have  a  strong  influence.  These  very  thin  films  are 
of  importance  in  the  high-nickel  region  «.  402  Ni).  They  are  also  important  in  the  high- 
copper  region  (^  402  Ni)  when  the  film  is  kept  very  thin  by,  for  example,  very  high  flow 
ratea  (5) . 

The  role  of  the  electronic  structure  of  the  alloy  on  corrosion  behavior  (and  in  partic¬ 
ular,  on  passivity  (6)  has  been  emphasized  in  a  series  of  papers  by  Uhlig  and  his  co¬ 
workers  (7-15).  Following  earlier  work  of  Tammann,  Uhlig  (7)  proposed  the  electron- 
configuration  theory  of  passivity.  This  theory  was  advanced  to  explain  the  observation  that 
passivity  can  be  achieved  in  several  alloy  systems  when  a  critical  composition  is  exceeded. 
According  to  this  theory,  these  critical  compositions  are  related  to  the  presence  or  ab¬ 
sence  of  d-electron  vacancies  in  the  electronic  structure  of  the  alloys.  In  this  viewpoint 
the  d  vacancies  are  said  to  favor  formation  of  strongly  chemisorbed  surface  films,  which 
confer  passivity  and  increased  resistance  to  corrosion.  In  particular,  Cu-Ni  alloys  have 
been  extensively  investigated  by  Uhlig  and  coworkers  using  ternary  additions  to  change  the 
critical  composition.  For  these  alloys,  experimental  results,  obtained  primarily  using 
potentloaietrlc  measurements  in  a  IN  H.SO^  solution,  were  in  good  agreement  with  Uhlig's 
electron-configuration  theory  of  passivity.  That  is,  when  the  electron-configuration  de¬ 
scribed  by  Mott  and  Jonea  (16)  predicted  the  presence  of  d  vacancies,  passivation  could  be 


detected  In  the  potantlokinetic  curvet,  vhereet  It  could  not  be  detected  If  the  ebeence  of 
d  holes  wee  predicted. 

The  electron-conflguretlon  theory  proposed  by  Uhllg  to  expleln  psselvlty  hes  been 
crltixed  on  severtl  grounds.  First,  there  Is  the  kind  of  criticise  (6,17)  which  points  out 
that  results  used  to  support  Uhlig'a  arguments  can  also  be  accounted  for  on  the  beals  of 
various  kinetic  models  Involving  the  electronic  properties  of  the  film.  Another  objection 
(6)  is  that  attempts  to  extend  the  theory  to  other  metals  and  alloys  and  other  electrolytes 
appear  to  give  conflicting  results.  For  example,  there  are  a  number  of  transition  elements 
with  partially  filled  d-bands  which  are  not  easy  to  passlvata.  Conversely,  there  are  non¬ 
transition  metals,  such  as  A1  and  Mg,  which  are  readily  passivated.  It  has  also  been  noted 
(6)  that  "the  critical  concentration  (15.7  wt  X)  of  chromium  required  for  aponteneous  pas¬ 
sivation  of  iron  does  not  agree  with  the  limit  for  stability  of  the  passive  state  (ebout 
12X)."  Finally,  there  Is  the  objection  (17)  that  even  if  passivation  la  found  for  Cu-Nl 
alloys  In  H^SO^,  it  is  not  dearly  present  in  NaCl  aolutlons. 

In  this  paper,  no  attempt  will  be  made  to  discuss  these  objections  except  for  Cu-Ni 
alloys.  Much  controversy  can  be  genarated  about  whether  or  not  Cu-Nl  alloya  are  peaalve 
under  given  conditions  in  a  given  environment.  No  effort  will  be  made  here  to  enter  Into 
this  controversy.  Whether  or  not  the  high  N1  alloys  are  paasive,  there  la  no  controversy 
over  the  fact  that  Ni  additions  to  Cu  reduce  the  see-water  corrosion  rete  up  to  some  cri¬ 
tical  composition.  Ohllg  (10)  notss  that  the  "observed  critical  composition  based  on 
corrosion  rates  In  3X  NaCl  at  80  *C  is  In  the  neighborhood  of  30-40Z  Ni."  Thus  It  la  ap¬ 
propriate  to  discuss  an  electron-conf lauratlon  theory  of  marine  corrosion.  The  purpose  of 
this  paper  la  to  review  the  electron-configuration  theory  of  corrosion  as  It  pertains  to 
critical  compositions  in  Cu-Ni  alloys,  and  to  extend  this  theory  to  attempt  to  correlate 
the  reletive  saltwater  corrosion  rates  in  the  high  Cu  alloys  with  the  electronic  structure 
of  the  alloys.  (The  difficult  question  of  the  mechanisms  by  which  the  electronic  state  of 
the  bese  metal  may  influence  the  corrosion  rate  la  not  explored  deeply  here.)  Correlations 
are  sought  In  terms  of  the  most  modern  understanding  of  the  electronic  structure  of  these 
elloya.  The  usual  description  of  the  electron-configuration  theory  of  corrosion  relies  on 
the  so-called  "rigid-band"  model  (16),  which  la  no  longer  felt  to  adequately  describe  the 
electronic  structure. 

The  rigid-band  modal  Is  described  in  Section  II.  In  Section  III,  theories  which 
attempt  to  give  a  more  realistic  description  of  the  electronic  properties  of  alloys  are 
noted.  Experimental  results  on  Cu-Nl  alloys  and  their  relevance  to  these  theories  are 
given  In  Section  IV.  The  problem  of  the  reletlon  of  bulk  and  surface  properties  la 
considered  In  Section  V.  The  difficult  problem  of  releting  an  Ideal  Cu-Ni  alloy  to  real 
alloya  la  considered  In  Section  VI,  Metsllurglcal  Considerations.  Section  VII,  Discussion 
and  Summary,  Includes  some  consideration  of  the  related  topic  of  catalysis. 

II.  Band  Theory  of  Metals  and  the  Rigid-Band  Model 

When  the  atoms  of  e  metal  are  brought  together  to  form  a  solid,  the  discrete  atomic 
energy  levels  are  spread  into  continuous  regions,  called  "bands."  These  bands  can  be 
partially  characertized  by  an  elsctronlc  density  of  states,  N(E),  giving  the  number  of 
electrons  per  unit  energy  Interval  at  energy  E.  For  the  3d-transltlon  series.  It  is  usual 
to  describe  N(E)  by  two  bands:  s  wide,  low-density,  valence-electron  band  corresponding  to 
the  atomic  As  states,  and  a  relatively  narrow,  high-density  band  corresponding  to  the  atomic 
3d  states.  These  bands  are  filled  up  to  some  maximum  energy,  E_,  which  is  determined  by 
the  number  ot  3d  +  4s  electrons  per  atom,  sometimes  referred  to  as  the  group  valance  or  the 
electron-to-atom  ratio.  The  essential  difference  between  Cu  and  NI  is  that  In  Cu  the  3d 
band  la  full,  whereas  in  Ni  it  Is  not. 

The  process  of  forming  bands  from  free-elactron  states  Is  Illustrated  In  Figure  2, 
taken  from  a  recent  Important  paper  by  Hodges  et  al.  (18)  This  figure  Illustrates  the 
change  in  energy  levels  caused  first  by  "renormalizing”  the  frae-atom  wavefunctions  to  a 
size  appropriate  to  atoms  bound  In  the  solid  whlla  maintaining  charge  neutrality.  These 
renormalized  wave  functions  are  then  used  to  construct  a  potential  from  which  characteris¬ 
tic  features  of  the  band  structure  are  calculated.  The  s  level  forms  a  broad  conduction 
band  the  bottom  of  which  la  shown  In  Figure  2,  and  the  d  level  a  relatively  narrow  band 
which  la  full  In  Cu  but  not  in  NI.  The  presence  of  the  unfilled  d  band  Is  conalstent  with 
the  observed  ferromagnetism  of  Ni.  The  actual  calculation  of  the  band  structure,  which  is 
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well  understood  for  pure  metals,  remains  one  of  the  major  unsolved  problems  of  metal  physics 
for  the  case  of  alloys,  though  several  useful  approximations  have  recently  been  advanced 
(19,20). 
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FIGURE  2.  Positions  of  Cu  and  HI  4s  and 
3d  energy  levels  in  the  free  atoms  and  energy 
bands  in  the  solid.  Only  the  bottom  of  the 
a  band  is  shown.  The  top  of  the  occupied  s 
band  is  shown  as  the  Fermi  energy,  E_.  The 
top  and  bottom  of  tne  d  bands  in  Cu  fall  en¬ 
tirely  within  the  conduction  band  but  the 
top  of  the  d  band  in  N1  is  above  E^.  [From 
Hodges  et  al.,  ref.  18] 


The  rigid-band  model  for  transition  metals  and  thair  alloys  was  first  proposed  by  Mott 
(16)  almost  two  generations  ago  and  shown  to  be  in  qualitative  agreement  with  many  of  the 
known  properties  of  these  materials,  such  as  magnetic  susceptibility ,  electrical  resistance, 
and  binding  energy.  In  the  rigid-band  model,  all  metals  of  a  given  transition  series  (with 
the  saaw  crystal  structure)  are  assumed  to  have  identical  band  structures,  although  Mott 
emphasized  that  this  was  only  an  approximation.  A  1935  calculation  (21)  for  the  band 
structure  of  the  first  transition  series  la  shown  in  Figure  3.  As  Cu  is  added  to  Ni,  the 
average  electron-to-atom  ratio  increases  and  in  the  rigid-band  model  the  3d  band  fills 
until,  at  a  certain  critical  composition,  it  is  completely  filled  with  no  more  "holes" 
in  the  3d  band.  Above  this  critical  composition  the  alloy  will  not  become  ferromagnetic 
even  at  very  low  temperatures.  The  filling  of  the  Ni  3d  bands  by  electrons  from  Cu  implies 
some  sort  of  charge  transfer  from  the  Cu  to  the  Hi. 


FIGURE  3.  The  density  of  levels 
in  the  3d  series,  as  estimated  using 
the  rigid-band  model  from  Knitter's 
calculation  (21)  on  copper  [after 
J.  C.  Slater,  Phya.  Rev.  49,  537 
(1936)].  The  dotted  llnee  indicate 
the  position  of  the  Fermi  level  for 
materials  with  the  corresponding 
number  of  3d  +  4s  electrons.  For 
example,  E*0  represents  the  Fermi 
level  for  Ni,  which  has  9  3d  elec¬ 
trons  and  one  4s  electron  in  the 
free  atom.  E*°  falls  Just  below 
the  top  of  the  d  band.  g>o  gio«  gu 

This  model  was  shown  (16)  to  give  remarkably  good  predictions  concerning  the  saturation 
magnetization  of  Cu-Nl  alloys.  The  measured  saturation  magnetization  in  Ni  corresponds  to 
0.6  holes  per  atom  in  the  Ni  3d  band  (which  is  equal  to  the  saturation  moment  in  Bohr  mag¬ 
netons).  For  an  alloy  with  x  parts  of  Cu  and  1-x  parts  of  Ni,  the  number  of  holes  in  ths 
d  band  is,  since  Cu  contributes  one  extrs  electron  per  atom, 

0.6-x  (x<0.6) 

0  (x>0.6). 

This  predicts  a  saturation  moment  for  Cu-Ni  alloys  of  0.6-x  Bohr  magnetons  per  atom,  very 
close  to  the  experimentally  observed  value  for  those  alloys  that  become  ferromagnetic. 

Kirkpatrick  et  al.  (22)  find  that  this  agreement  of  the  rigid-band  model  with  the  mag¬ 
netic  behavior  of  Cu-Nl  alloys  is  not  retained  when  applied  to  more  recently  calculated 


N(E) 


413 


band  structure  for  pura  Hi  (23,24).  Part  of  tha  raaaon  ia  that,  in  thaaa  calculations,  tha 
Hi  density  of  atataa  falla  more  sharply  abova  E_  than  tha  aarliar  calculations  (for  axaapla. 
Figure  3).  Agreement  aight  ba  restored  with  "improved"  band  calculations,  or  altamataly, 
by  permitting  tha  band  structure  to  ba  da formed  upon  alloying.  Many  properties  of  alloys 
show  good  agreement  with  aoae  kind  of  "deformable  common-band  modal".  Unfortunately,  many 
authors  use  the  tern  rigid-band  modal  when  discussing  such  a  deformable  comon-band  model. 

If  the  conaen-band  picture  la  extended  to  the  entire  3d  transition  aeries,  the  satura¬ 
tion  moment  la  predicted  to  ba  a  function  only  of  the  number  of  3d  +  4a  electrons.  The  ex¬ 
tant  to  which  this  is  borne  out  in  practice  can  ba  seen  in  Figure  4.  For  a  large  number  of 
alloys  a  common  curve  exists,  with  soma  breaks  in  the  curve,  e.g.  Fa-Co,  due  to  a  change  in 
crystal  structure.  There  are  also  a  large  number  of  striking  deviations.  Though  the  de¬ 
viations  arlte  in  large  part  from  the  complications  of  antiferromagnetic  interactions,  it  is 
certainly  clear  that  the  predictions  of  the  rigid-band  model  must  be  carefully  scrutinised 
for  each  case. 


FIGURE  4.  The  "Slater- 
Pauling"  curves  of  saturation 
magnetization  versus  electron 
concentration  for  alloys  of 
the  iron  transition  aarles. 

[after  H.  Hill  end  B.  T.  Matthias, 
Phys.  Rev.  168,  464  (1968)] 


Despite  tha  success  of  the  rigid-band  model  in  certain  oases,  it  has  long  been  realised 
that  it  gives  an  incorrect  description  for  a  number  of  physical  properties  (16,25).  As  an 
example,  the  experimentally  measured  values  of  the  electronic  specific  heat,  y,  which  is  a 
measure  of  the  density  of  states  at  the  Fermi  level,  are  compared  with  those  predicted  by 
the  rigid-band  sndel  (Figure  5).  Tha  high  y  values  for  the  Hl-rlch  alloys  reflects  the 
large  density  of  states  from  the  unfilled  d-band.  However,  the  y  values  for  the  Cu-rich 
alloye  are  much  higher  than  predicted,  indicating  the  presence  of  virtual  d-holes  (25)  when 
the  d  band  is  "filled"  according  to  the  rigid-band  picture.  The  successes  and  shortcomings 
of  Uhllg's  electron-configuration  theory  as  appllad  to  dascrlbe  the  corrosion  behavior  of 
Cu-Hl  alloys  are  quite  analogous  to  the  successes  and  shortcomings  of  the  rigid-band  modal 
as  applied  to  describe  other  properties.  A  reexamination  of  the  electron-configuration 
theory  of  marine  corrosion  in  Cu-Hl  alloys  in  terms  of  modern  alloy  theory  appears  to  strength¬ 
en  Uhllg's  suggestion  of  a  relationship  between  the  electrochemical  behavior  and  tha  electronic 
structure. 

FIGURE  5.  The  electronic 

epeclflc  heat  of  Cu-Hi  alloys.  The 
dashad  curved  is  thr.t  expected  from 
a  strict  epplicatlon  of  a  rigid-band 
theory.  The  solid  curve  corresponds 
to  experimentally  measured  values 
(after  J.  E.  Goldman,  Rev.  Mod. 

Phys.  25,  108  (1953)].  More  recent 
measurements  [K.  P.  Gupta,  C.  H.  Cheng, 
end  Paul  A.  Beck,  Phys.  Rev.  133. 

A203  (1964)]  are  in  essential 
agreesMnt . 
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III.  Alloy  Thtory 


A  metal  consists  of  nuclei,  stonlc-ststs-llks  or  "core"  electrons  vhoee  wavef unctions 
are  not  greatly  different  from  rhe  corresponding  free-atom  vsvef unction,  and  electrons 
("conduction"  electrona)  where  vavefunctlons  In  the  solid  are  appreciably  different  from  the 
correepondlng  free-atoa  vavefunctlons.  It  la  assumed  that  the  total  wavofunctlon  can  be 
separated  Into  a  suitably  aysawtrlzed  product  of  a  function  of  the  coordinates  of  the  nuclei 
plus  core  electrons  only  and  a  function  of  the  coordinates  of  the  conduction  electrons  only. 
It  la  then  convenient  to  transform  the  problem  to  one  involving  normal  modes  and  to  obtain 
solutions  In  terma  of  lndependant  "elementary  axcitations"  or  "quaai-partlclea"  (26-28). 

The  most  famllar  of  these  quasi-particles  are  "electrons",  "holes",  "phonons",  and  "magnons". 
To  obtain  solutions  in  theae  terms,  a  large  number  of  "many-body  effects",  auch  as  phonon- 
phonon,  phonon-electron,  electron-magnon,  and  alectron-electron  Interactions  are  neglected. 

In  the  attempt  to  obtain  electronic  density  of  states  information  (or  other  features  of  the 
band  structure)  from  experiments.  It  la  generally  neceasary  to  adjust  measured  quantities 
for  many-body  effects.  In  many  cases,  these  adjustments  are  small,  but  are  not  precisely 
known  and  they  may  be  significant.  In  the  case  of  alactronic  specific  heata,  for  example 
(Figure  5),  the  measured  value  of  y  does  not  provide  the  exact  value  of  N(E),  the  difference 
perhaps  being  as  large  as  a  factor  of  about  two.  However,  the  general  features  and  trends 
revealed  by  the  measurements  of  y  versus  composition  are  expected  to  be  preserved  when 
corrected  to  N(E)  versus  composition.  The  one-electron  method,  which  treats  the  wavefunctlon 
of  the  conduction  electrons  as  an  antisymmetrized  product  of  independent  one-electron  vavtt- 
functlons  ,  la  moat  used  in  treating  electronic  density  of  states  (29).  Because  of  the 
computational  difficulties,  many-body  effects  are  not  generally  Included  (except  in  an 
average  or  approximate  vay)  in  detailed  calculations  and  interpretations  of  experiments  on 
the  electronic  structure  of  metals  and  alloys. 

Progress  in  high-speed  computers  and  computational  methods  (30)  has  allowed  more  de¬ 
tailed  and  reliable  calculations  of  band  structures  than  previously.  The  great  detail 
shown  in  Figure  6  for  a  recently  calculated  (31)  density  of  states  cruve  for  copper  can  be 
contrasted  with  that  of  Figure  3.  The  Ni  density  of  states  calculations  (23, 24),  while 
somewhat  leas  detailed  than  that  of  Figure  6,  show  structural  features  quite  similar  to 
those  of  copper  but  differ  in  two  important  respects  that  are  evident  in  Figure  2:  (1)  the 
width  of  the  d  band  is  greater  in  Nl  and  (2)  for  Cu  the  center  of  the  d  band  lies  closer  to 
the  bottom  of  the  a  band. 


FIGURE  6.  Electronic  density 
of  states  of  Cu  metal  from  a  re¬ 
cent  calculation  by  Uatson  et  al. 
[ref.  32].  Each  band  can  accomodate 
two  electrons.  The  1st  through  5  th 
bands  are  full.  The  6th  band  is 
filled  to  Ep. 
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Many  of  the  concepts  used  to  understand  pure  metals,  such  as  the  Bloch  theorem,  Fermi 
surfaces  and  Brlllouin  zones,  are  valid  only  for  solids  with  long-range  order.  The  dis¬ 
order  associated  with  an  alloy  thus  introduces  complications  in  the  understanding  of  the 
electronic  structure.  Stern  (32)  has  discussed  the  basic  differences  between  a  theory  of 
pure  metals  and  a  theory  of  disordered  alloys.  He  notes  that  the  concepts  associated  with 
a  periodic  lattice  still  retain  some  degree  of  meaning  for  disordered  alloys,  particularly 
if  the  atomic  potentials  of  the  constluents  are  nearly  the  same.  However,  if  the  potentials 
are  very  different,  there  will  be  a  non-uniform  distribution  of  the  electron  charge  about 
the  different  sites. 
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A  simple  cut  of  a  dlaordtrad  alloy  la  that  of  a  single  impurity  forming  a  bound  atata 
at  an  energy  abova  or  balow  tha  anargy  banda  of  tha  hoot.  Such  bound  states,  familar  In 
dopad  aaalconductora,  hava  tha  proparty  that  the  electron  or  hole  vavefunction  la  localized 
near  the  Impurity.  If  a  alngla  atom  of  N1  la  placed  In  a  Cu  maxtrlx,  the  d  atate  energy  of 
the  N1  falls  within  the  Cu  d  band,  forming  what  la  called  a  virtual  bound  atate  (25).  The 
d  atata  la  only  weakly  coupled  to  tha  copper  band,  and  la  thua  only  allghtly  broadened. 

For  concentrated  alloya,  there  are  two  extreme  contraatlng  modal*  used  to  describe  the 
electronic  properties.  The  rigid-band  modal  Ignores  the  differences  between  the  atoms,  as¬ 
cribing  the  average  electron- to-atom  ratio  to  every  atom.  The  alternative  extreme,  the 
mlnlmum-polarlty  model  (33,35),  assume*  that  the  constituents  retain  their  atomic  configu¬ 
ration  and  hence  remain  electrically  neutral.  The  maintenance  of  local  charge  neutrality 
In  a  metal  has  baen  called  the  electroneutrality  principle  by  Pauling  (36).  Although,  as 
mantloned  earlier,  the  rigid-band  modal  gives  poor  agreement  for  the  magnetic  behavior  of 
Cu-Nl  alloys  when  recent  Ni  band  calculations  are  used,  the  mlnlmum-polarlty  model  gives 
batter  agreement  for  the  magnetic  properties  (22).  A  modified  mlnlmum-polarlty  model, 
considering  charge  screening  by  conduction  electrons  (25),  may  provide  an  Improved  descrip¬ 
tion.  Kanamorl  et  al.  (37)  have  made  progress  in  calculating  the  electronic  structure 
taking  Into  account  the  shielding  of  the  Impurity  charge. 

An  extremely  useful  computational  technique  for  the  band  structure  of  alloys  such  as 
Cu-Nl  is  known  as  the  coherent  potential  model  (19,20,37).  In  this  model  the  potentials 
of  all  tha  sites  but  one  are  averaged  over  and  replaced  by  an  energy  dependent  effective 
potential,  known  as  the  coherent  potential.  Scattering  from  the  atomic  Nl  and  Cu  poten¬ 
tial  shows  that  (37)  instead  of  a  rigid  shift  of  the  density  of  states,  the  main  peaks 
associated  with  Cu  and  Ni  sites  remain  stationary  while  changing  magnitude  and  shape. 

In  contrast  to  the  rigid-band  modal,  recent  alloy  theory  and  experiments  (Section  IV) 
give  the  following  picture  for  Cu-Nl  alloys:  (1)  Tha  d-holes  are  not  spread  uniformly 
throughout  the  alloy  but  are  located  primarily  on  the  Nl  sites.  Indeed,  there  exist  "vir¬ 
tual"  d  holes  even  In  the  Cu-rlch  region.  Thus,  although  their  electronic  properties  are 
considerably  modified  by  being  bound  in  an  alloy,  rather  than  being  a  free  atom,  both  Ni 
and  Cu  retain  some  of  their  "atomlc-llke"  individuality.  (2)  Rather  than  shifting  the  Fermi 
energy  within  a  rigid  density  of  states,  the  shapes  and  relative  magnitudes  of  the  Cu-llke 
and  Nl-llke  features  of  tha  bands  are  changed  upon  alloying.  There  la  practically  no 
change  In  the  positions  of  these  features. 

IV.  Experiments  Relevant  to  the  Electronic  Structure  of  Cu-Nl  Alloys 

The  simple  rigid-band  stodal  applied  to  Cu-Nl  and  illustrated  In  Figure  3  predicts 
little.  If  any,  change  In  N(E_),  the  electronic  density  of  states  at  the  Fermi  level,  from 
pure  Cu  up  to  about  Cu  -  40Z  Ni.  If  this  model  were  correct,  neither  the  electronic  speci¬ 
fic  heat  nor  the  magnetic  susceptibility  should  show  much  change  In  this  region.  The 
specific  heat  data  already  discussed  In  connection  with  Figure  5  clearly  do  not  follow  this 
prediction  [except  perhaps  (38,39)  for  <21  Ni]  and  the  susceptibility  data  [see  for  example 
Pugh  and  Ryan  (40)  or  Robbins  et  al.  (41)]  Is  even  In  more  violent  disagreement  with  rigid- 
band  theory,  with  the  diamagnetism  of  pur*  Cu  changing  to  paramagnetism  with  only  4Z  added 
Nl.  The  susceptibility  suggests  an  increase  by  a  factor  of  five  In  N(E_)  for  20Z  Ni,  sn 
error  of  500Z  from  the  rigid-band  prediction!  Many-body  corrections  (e.g.,  electron-phonon 
(42)  and  electron-magnon  (43,44)  interactions)  may  reduce  the  quantitative  disagreement, 
but  the  conclusion  remains:  the  rigid-band  model  does  not  hold  for  Cu-Nl  alloys. 

A  much  employed  method  to  get  detailed  Information  about  the  electronic  states  In  such 
an  alloy  Is  the  study  ot  the  emission  and  abuorptlon  of  electromagnetic  radiation.  Soft 
x-ray  emission  spectroscopy  consists  of  producing  vacancies  in  ion  core  levels  and  ob¬ 
serving  the  subsequent  spontaneously  emitted  radiation  resulting  from  electrons  in  the  con¬ 
duction  band  dropping  into  the  vacant  core  states.  Clift  st  al.  (45)  found  that,  to  a 
reasonable  approximation  and  In  contrast  to  the  rigid-band  model,  the  soft  x-ray  spectra 
nf  Cu-Nl  was  a  compos  it  ionally  weighted  average  of  the  spectra  formed  for  pure  copper  and 
pure  nickel.  Wenger  et  al.  (46),  measuring  relative  integrated  intensities  of  the  soft 
x-ray  emission  and  a  characteristic  x-ray  line,  were  led  to  the  conclusion  that  the  number 
of  d  electrons  associated  with  a  nickel  site  Is  not  changed  on  alloying,  again  in  sharp 
contract  with  the  rigid-band  model.  Thea*  experiments  (45,46)  are  not  wholly  conclusive. 
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in  that  important  dataila  of  tha  aoft  x-ray  apactra  for  even  pura  Cu  (47)  and  pura  NI  (48,49) 
ara  not  aaan  in  thaaa  "low-raaolutlon"  experiments,  but  they  do  give  strong  support  to  the 
exlatence  of  a  nickel-like  band  localized  at  the  nickel  sites  in  the  predicted  filled  d-band 
region  of  tha  rigid-band  modal. 

Soft  x-ray  appearance  potentials  are  much  more  aensltive  to  the  aurface  and  near-surface 
conditions.  In  this  technique,  core  electrons  are  excited  to  the  unfilled  states  above  the 
Fermi  level,  leading  to  the  appearance  of  amall  characteristic  peaks  superimposed  on  tha 
bremsstrahlung  background.  Again  the  results  (SO)  are  that  there  are  d  holes  at  N1  altes 
even  for  an  alloy  containing  75Z  Cu,  in  contrast  to  the  rigid-band  prediction. 

The  photoelectric  effect  haa  bean  used  extensively  in  recent  years  to  probe  the  band 
structure  of  metals  and  alloys.  The  interpretation  of  ultraviolet  photoemission  experiments 
(UPS)  is  complicated  by  the  contribution  of  both  filled  and  unfilled  density  of  states  with 
resulting  complicated  unfolding  procedures  but  again  the  resulta  (51)  are  lu  much  batter 
agreement  with  the  presence  of  vacant  d-states  at  Ni  sites  in  Cu-rlch  alloys.  Figure  7 
illustrates  two  extremes  of  tha  theoretical  situation.  The  result  of  the  UPS  experiment 
on  a  7SZ  Cu  -  25Z  Ni  alloy  is  close  to  the  virtual-bound  state  model  picture,  with  an  un¬ 
changed  Cu  band  superimposed  on  a  broadened  Ni  d  state. 

Somewhat  less  ambiguous  in  interpretation  because  of  the  dependence  on  only  the  filled 
density  of  states  is  x-ray  induced  photoemlsalon  (XPS).  HUfner  et  al.  (52),  using  hlgh- 
resolutlon  XPS,  have  shown  that  the  Cu  and  Ni  bands  are  changed  by  alloying,  but  are  still 
distinct  bands,  not  the  common  bands  envisaged  in  a  rigid-band  picture. 
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FIGURE  7.  Schematic  illustration  of 
the  filled  density  of  states  in  Cu  and 
a  Cu  75  -  Ni  25  alloy,  showing  tha  be¬ 
havior  expected  from  the  rigid-band  and 
the  virtual  bound  state  models,  [after 
Selb  and  Spicer,  ref.  51]. 


Tha  angular  correlation  of  positron  annihilation  radiation  probes  the  Fermi  surface  in 
momentum,  and  unlike  other  Fermi  surface  probes,  results  can  be  obtained  in  concentrated 
alloys.  Murray  and  McGervery  (S3)  found  that  the  Ni  atoms  in  a  77Z  Cu-23Z  Ni  alloy  were 
contributing  0.8  electrons  per  atom  to  the  conduction  band  leaving  a  d  hole  of  0.8  electrons 
at  the  Ni  sites,  in  contrast  to  the  zero  valence  assigned  to  Ni  when  alloyed  into  Cu  in  the 
rigid-band  model. 

So  far  only  Cu-Ni  binary  alloys  have  been  discussed .  Of  great  importance  in  marine 
applications,  including  desalination  heat  exchangers,  are  alloys  of  Cu-Nl  that  Include  a 
small  amount  of  Fe.  In  this  case,  the  MSssbauer  effect  has  been  used  to  probo  the  magnetic 
environment  of  the  Fa  atoms.  The  MSssbauer  effect  is  based  on  the  phenomena  of  recoilless 
emission  and  absorption  of  y-raya,  and  either  the  radioactive  source,  or  a  sample  containing 
non-radloactlve  iron  as  an  absorber,  can  be  studied.  Source  experiments  probe  Isolated  Fe 
atoms.  Intaractions  between  Fe  atoms  are  studied  using  absorbers.  A  source  MSssbauer 
experiment  (54)  has  shown  that  the  Fe  atoms  maintain  their  d  holes  when  alloyed  in  Cu  and 
Cu-Nl  alloys.  The  magnetic  environments  at  tha  Fe  sites  depend  on  the  atomic  configuration 
in  the  neighborhood  of  the  iron.  In  the  Cu-rich  region,  the  magnetic  moment  is  associated 
with  an  iron  atom  and  its  nearest-ni  ,<el-atom  neighbors,  leading  to  the  linear  increase  in 
magnetic  moment  shown  in  Figure  8.  Near  tho  "critical"  region  Identified  by  Uhlig  for 
corrosion  behavior,  the  magnetic  moment  suddenly  becomes  "giant"  and  is  associated  with 
magnetic  polarization  clouds  extending  over  many  atoms.  MSssbauer  absorber  studies  have 
been  made  of  the  interaction  between  the  Ft  atoms  (55) ,  again  requiring  a  local  rather  than 
a  common  band  Interpretation. 
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It  Is  clear  that  the  rigid-band  nodal  cannot  aatlafactorily  explain  modern  experimental 
data  on  Cu-Ni  alloys.  The  primary  reason  for  this  failure  Is  that  the  rigid-band  model  ne¬ 
glects  the  charge  screening  discussed  by  Friedel  (25). 


FIGURE  8.  Magnetic  moment,  as  measured 
using  the  MOssbauer  effect,  of  an  Isolated 
Iron  atom  in  Cu-Ni  alloys.  The  large  In¬ 
crease  In  moment  near  the  critical  compo¬ 
sition  Is  caused  by  the  neclaation  of 
giant  magnetic  polarisation  clouds,  [af¬ 
ter  Bennett  et  al.,  ref.  55]. 
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V.  The  Surface  Problem 

Uhllg  (10,12)  treated  d-like  wavefunctions  as  well-defined  for  the  surface  layer,  but 
ascribed  a  different  electronic  structure  to  the  surface  than  to  the  bulk  alloy.  He  con¬ 
sidered  that  the  surface  d-band  contains  holes  so  long  as  other  non-transition  elements 
donate  fewer  electrons  than  the  actual  surface  holes.  The  number  of  surface  d  holes  per 
atom  is  found,  In  this  view,  by  adding  one  d  hole  to  the  bulk  value  of  0.6  d  hole  per  Ni 
atom.  The  additional  d  hole  was  assumed  to  arise  from  the  use  of  one  d  electron  In  the 
chemisorption  process.  At  the  critical  composition,  when  the  surface  holes  become  filled 
by  excess  electrons  provided  by  alloying  components  (e.g.  one  for  each  Cu  atom,  two  for 
each  Zn  atom),  passivity  Is  no  longer  possible.  The  critical  composition  was  found  by 
equating  the  number  of  excess  electrons  provided  by  the  alloying  elements  to  the  number 
of  surface  d  holes  provided  by  the  Nl  atoms.  Using  this  view,  the  observed  critical  com¬ 
positions  for  Cu-Ni  alloys  with  small  amounts  of  ternary  alloya  could  be  well  described. 

Uhllg's  technique  of  adding  holes  to  tha  d  configuration  on  the  surface  Is  not  compat¬ 
ible  with  most  of  the  theories  and  sxpsrlments  on  surface  properties.  For  example, 

Wadavskl  and  Plummer  (56)  argue  from  photoemlsslon  observations  on  tungsten  that  an  ad¬ 
sorbate  (l.e.  H,,0_,  N,  and  CO)  covered  surface  might  be  aiora  representative  of  the  bulk 
than  a  clean  aurfaca.  ^Properties  of  bare  Nl  surfaces  have  received  Increasing  theoretical 
attention  In  recent  months  (57).  In  the  absence  of  a  definitive  understanding  of  tha  elec¬ 
tronic  configuration  appropriate  to  the  surface,  it  Is  probably  not  uaaful  to  adopt  Uhllg's 
detailed  model  for  the  surface.  More  recently,  Uhllg  (58)  has  shown  that  It  is  possible  to 
obtain  agreement  for  the  critical  compositions  without  Introducing  a  different  electron  con¬ 
figuration  In  the  surface  than  the  bulk.  Considering  the  ambiguities.  It  may  be  preferable 
to  appeal  to  experiment  to  determine  critical  compositions. 

The  question  of  what  electronic  states  are  appropriate  at  a  surface  has  been  the  sub¬ 
ject  of  a  great  deal  of  study  (59,60).  These  studies  have  been  directed  toward  analyzing 
surface  states  arising  from  free-electron-llks  states.  According  to  Bloch's  theorem,  all 
states  in  the  bulk  are  of  the  form  U(r)e^’r.  For  so-called  "Cambridge  surface  states,”  k 
will  be  a  complex  vector,  and  the  wavefunctlon  will  decay  away  from  the  surface.  Tunneling 
experiments  agree  with  theoretical  predictions  on  the  electronic  structure  of  surface  s  and 
d  states  (61-63). 

The  problem  of  a  single  atom  chemisorbed  on  a  metal  surface  can  be  treated  In  a  similar 
way  to  the  theory  of  localized  magnstlc  moments  (61).  The  electronic  states  in  a  surface 
having  a  chemisorbed  layer  has  been  the  subject  of  many  recent  Investigations  (65,  64-67). 

The  electronic  structure  of  an  adsorbed  atom  (or  of  an  adsorbed  molecule)  has  been  described 
in  terms  of  the  formation  of  chemical  bonds  to  Its  nearest  neighbors  on  the  metallic  sub¬ 
strate  (68,69).  This  localized  picture  Is  called  a  surface  complex  or  surface  molecule  (66). 
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The  alactron  atructura  of  the  surface  molecule  la  treated  at  a  diatomic  molecule ,  with  the 
difference  that  an  integral  number  of  electrons  are  not  required  in  its  description.  Bennett 
and  Messmer  (70)  have  recently  considered  the  effect  of  the  electronic  state  of  the  sub¬ 
strate  upon  adsorption.  They  showed  that,  for  various  common  gases  adsorbed  on  graphite, 
chemisorption  is  directly  controlled  by  the  detailed  electronic  state  of  the  surface.  It 
seems  unlikely  that  this  work  (70)  will  soon  be  extended  to  such  complicated  cases  as  chemi¬ 
sorption  on  Cu-Ni  alloys.  It  might  be  conjectured,  however,  that  the  electronic  structure 
of  the  Cu-Ni  substrate  is  also  important. 

Further  theoretical  and  experimental  progress  has  been  made  in  obtaining  a  detailed 
knowledge  of  the  physical  nature  of  the  chemisorption  bond  between  the  alloy  and  the  pro¬ 
tective  film  (71-76).  For  example,  Schrieffer  and  Gomer  (74)  have  introduced  a  simple  model 
which  gives  a  rough  understanding  of  the  competition  of  energies  which  enter  into  the  form¬ 
ing  of  an  "Induced  covalent"  chemisorption  bond.  In  their  model  the  strength  of  the  bond  is 
measured  by  Jx,  ,,  where  J  is  an  antiferromagnetic  exchange  interaction  and  x,  is  the  local 
spin  susceptibility  of  the  free  solid  surface.  Thus  the  strength  of  chemisorption  will  be 
lsrge  for  uecsls  with  high  local  spin  susceptibility,  accounting  for  the  large  heats  of 
chemisorption  on  transition  metal  surfaces  for  which  x,  is  largely  due  to  the  narrow  d 
bands.  Schrieffer  (76)  notes  that  even  d  states  balow^fie  Fermi  level  contribute  to  x,  • 
Thus,  chemisorption  on  Cu,  even  though  weak,  may  hava  contributions  from  d  states  near  oc 
tha  Fermi  energy,  even  though  the  d  band  is  filled  in  the  bulk  metal.  On  this  model, 
whether  one  uses  extreme  rigid-band  or  extreme  minimum  polarity,  as  one  adds  Ni  to  Cu,  the 
bond  strength  would  be  expected  to  Increase  because  of  the  increasing  number  of  d  states 
near  the  Fermi  level. 


VI.  Metallurgical  Considerations 

Copper  and  nickel  form  a  continuous  series  of  solid  solutions  over  the  whole  composition 
range  and  there  are  no  known  ordered  compounds.  Thus  the  phase  diagram  lk  very  simple.  How¬ 
ever  there  is  a  tendency  towards  phase  separation  (clustering)  which  adds  complexity  to  any 
experiment,  whether  probing  the  electronic  structure  or  the  corrosion  behavior. 

A  fundamental  problem  in  interpreting  experiments  on  the  surface  reactivity  of  Cu-Ni 
alloys  concerns  the  actual  composition  of  the  surface  layer.  Sachtler  and  Van  der  Plank 
(77)  have  concluded  that  over  most  of  the  composition  range  the  adsorbing  surface  will,  in 
thermodynamic  equilibrium,  hava  a  composition  that  deviates  strongly  from  that  of  the  bulk. 
They  have  interpreted  chemisorption  and  catalysis  data  on  this  basis.  On  the  other  hand, 
experiments  on  Cu-Ni  alloys  using  Auger  electron  spectroscopy  and  LEED  (78)  have  been  unable 
to  detect  any  difference  in  composition  between  properly  prepared  clean  metal  surfaces  and 
the  bulk  alloy,  although  changes  in  surface  composition  appear  detectable  (79)  after  such 
treatments  as  ion  bombardment,  heating,  and  annealing. 

There  has  been  a  recurring  controversy  over  the  separation  of  true  bulk  effects  from 
those  due  to  clustering  in  the  bulk.  It  has  been  claimed,  for  example,  that  at  least  some 
of  the  experiments  which  sre  regarded  as  refuting  the  rigid-band  model  of  Cu-Ni  alloys  can 
be  explained,  Instead,  in  terms  of  the  formation  of  Nl  clusters  (80,81).  Mozer  et  al.  (82) 
used  neutron  scattering  to  measure  the  clustering  in  an  almost  aquiatomic  Cu-Ni  alloy.  The 
amount  of  clustering  observed  was  small  and  could  not  be  responsible  for  the  experimental 
observation  of  d-holes  in  Cu-rlch  alloys.  Depending  on  the  details  of  the  alloy  prepara¬ 
tion,  the  resulting  clustering  could  cause  variations  in  the  experimentally  measured  cri¬ 
tical  compositions.  Of  more  practical  importance  is  whether  or  not  the  alloy  has  been 
properly  homogenized. 

Fe  la  not  very  soluble  in  Cu,  and  clustering  as  wall  as  phase  separation  is  common. 
Nonetheless,  MtJssbauer  measurements  (83)  have  shown  that  appropriate  heat  treatment  and 
quenching  can  give  essentially  random  alloys  for  small  Fe  concentrations.  Coherent  pre¬ 
cipitates  (Gulnler-Preston  zones)  can  be  formed  in  some  cases  and  these  are  recognizable 
by  MBssbauer  measurements  (55,83).  Very  finely  distributed  Fe-Ni  precipitates,  not  detect¬ 
able  by  electron-microprobe  measurements  can  drastically  affect  the  corrosion  behavior  (84). 

Comparison  of  Figures  1  and  8  show  that  pitting  in  Cu-Ni  alloys  occurs  at  a  composition 
relating  to  the  onset  (54)  of  giant  magnetic  moments.  Whether  this  correlation  is  causative 
or  coincidental  is  not  known.  Extremely  well-prepared  and  well-characterized  alloys  would  be 
necessary  to  investigate  the  origin  of  this  suggestive  correlation. 
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The  element  Pd  hae  a  similar  atomic  electronic  atructure  to  Ni,  with  10  elactront  out¬ 
side  of  closed  atomic  shells,  but  Pd  doss  not  Increase  the  density  of  states  as  drastically 
aa  Ni,  acting  mors  like  a  rigid-band  alloy  (16).  Thus  if  the  relation  between  corrosion  and 
electron  structure  were  valid,  Cu-rich  Cu-Pd  alloys  should  be  less  corrosion  resistant  in 
saltwater  than  Cu-rich  Cu-Ni  alloys.  It  was  not  possible  to  test  the  electron-configuration 
theory  of  marine  corrosion  with  this  alloy  system  since  a  wholly  different  corrosion  mech¬ 
anism  (namely,  intergranular  embrittlement)  is  dominant  (85). 

VII.  Discussion  and  Sunsary 

The  basis  of  the  electron-configuration  theory  of  passivity  is  the  view  that  passivity 
is  caused  by  formation  of  a  chemisorbed  protective  film  of  monolayer  or  multilayer  propor¬ 
tions;  further,  it  is  conjectured  that  the  formation  of  this  film  is  related  to  the  presence 
of  unfilled  d  levels  at  the  surface  of  the  transition  metal  or  alloy.  Por  the  case  of  Cu-Ni 
alloys  with  small  quantities  of  tsrnary  additions,  Uhlig  et  al.  have  presented  a  consider¬ 
able  amount  of  experimental  evidence  which  supports  this  theory.  Basically,  their  results 
show  that  the  presence  or  absence  of  passivation,  as  detected  by  polarisation  measurements 
in  IN  H.SO.,  can  be  directly  correlated  with  the  presence  or  absence  of  an  unfilled  d  band 
aa  predicted  by  the  rigid-band  model.  Although  one  can  argue  about  fine  details  near  the 
critical  compositions,  the  fact  remains  that  the  electron-configuration  theory  predicts  this 
critical  composition  for  passivity  just  as  successfully  as  the  rigid-band  model  predicts  the 
critical  composition  for  the  magnetic  properties  of  these  alloys.  However,  strong  objections 
can  be  made  when  one  attempts  to  use  the  electron-configuration  theory  to  describe  the 
corrosion  behavior  in  other  alloy-electrolyte  systems.  Lacking  detailed  knowledge  of  the 
mechanism  by  which  the  band  atructure  affects  chemisorption,  and  with  the  current  knowledge 
concerning  the  limitations  of  the  rigid-band  modal,  firm  conclusions  are  difficult  to  draw, 
but  qualitative  observations  may  be  made. 

It  may  be  preferable  to  appeal  to  experiment  to  determine  the  critical  composition  of 
ternary  alloys.  Either  magnetic  data,  or  electronic  specif lc-heat  data,  for  example,  give 
relatively  well  defined  critical  compositions  which  can  be  compared  with  corrosion  experi¬ 
ments.  The  available  data  on  ternary  alloys  do  not  appear  sufficient  to  permit  detailed 
comparisons,  but  some  general  observations  are  possible.  For  example,  additions  of  a  non- 
transition  element  such  as  Al  shifts  the  critical  composition,  as  messured  by  electronic 
specific  heat  (42) ,  in  approximately  the  same  way  as  that  measured  by  potentlometrlc  de¬ 
termination  of  corrosion  behavior  (12).  Similarly,  transition  metals  such  as  Fe  shift  the 
critical  composition  in  the  opposite  direction  to  that  of  Al  as  meaaured  both  by  magnetic 
measurements  (86)  and  by  potentlometrlc  measurements  (12) . 

It  is  possible  to  extend  the  electron-configuration  theory  of  corrosion  from  consid¬ 
eration  of  critical  compositions  to  the  corrosion  rstss  in  the  high-copper  alloys.  The 
minimum-polarity,  or  the  coherent-potential  model,  and  a  large  number  of  the  experiments 
previously  mentioned  show  that  each  Nl  atom  contributes  a  small  increment  of  unoccupied  d- 
state  to  the  copper  alloy.  If  the  reasonable  assumption  is  made  that  the  presence  of  these 
d-holes  promotes  chemisorption,  and  further  that  the  tendency  for  chemisorption  is  Increased 
when  the  Fermi  level  falls  within  the  d-band,  then  the  corrosion  behavior  of  Cu-Ni  alloys 
in  saltwater  can  be  rationalized  in  a  semi-quantitative  way.  In  the  high-nickel  region,  the 
Fermi  level  lies  in  the  d  band  with  the  corrosion  rate  relatively  insensitive  to  the  exact 
composition.  The  decline  in  the  corrosion  rate  in  the  active  region  is  attributed  to  the 
Increasing  number  of  d  holes.  Note  that  in  the  high-copper  region  the  decline  in  the 
corrosion  rate  as  Nl  is  added  to  Cu  (Figure  1), closely  correlates  with  the  increase  in  elec¬ 
tronic  specific  heat,  (Figure  5).  Observations  on  small  Fe  additions  (84)  in  the  active  re¬ 
gion  are  consistent  with  this  picture.  An  inurement  of  Fe  will  reduce  the  corrosion  rate 
by  about  the  same  amount  as  that  Increment  of  Nl  which  provides  the  same  number  of  d  1  oles 
in  the  minimum-polarity  model.  Fe  is  shown  to  ba  four  to  five  times  as  affective  as  Nl  in 
reducing  the  corrosion  rate  (Figure  9).  The  magnetic  moment  of  Fe  in  Cu-Ni  alloys,  2.8  w  , 
is  four  to  five  times  that  of  Nl,  0.6  ug  (54).  Experiments  with  other  ternary  additions 
to  Cu-Ni  in  the  high-copper  region  would  be  desirable. 
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FIGURE  9.  Corroalon 
behavior  of  a  Cug.Ni_ 
alloy  In  aea  water  upon 
adding  Fe  or  additional 
Hi  [after  Swartzendruber 
and  Bennett,  ref.  84). 


It  is  also  interesting  to  consider  related  and  controversial  electron-configuration 
theories  of  heterogeneous  catalysis  by  Cu-Ni  and  similar  alloys  (87-92).  Dovden  and 
Reynolds  (87)  observed  that  Cu-Ni  catalysts  become  ineffective  for  styrene  hydrogenation  at 
38X  <-  ...  This  is  in  approximate  agreement  with  the  critical  composition  and  Dowden  pro- 
jd  an  Uhllg-type  model  for  the  catalytic  process.  Many  experimental  results  have  been 
ompared  with  an  electron-configuration  theory  of  catalysis,  but  often  using  the  rigid-band 
picture.  For  example,  Sachter  and  van  der  Flank  (77),  Hardy  and  Llnnett  (93),  and  Ponec  and 
Sachtler  (94)  all  point  out  that  intarpretation  of  their  data  in  these  terms  requires  the 
assumption  that  N1  atoms  tend  to  keep  their  d  holes  with  them.  Since  the  rigid-band  model 
does  not  allow  d-holes  in  the  high  copper-region,  these  authors  viewed  this  aa  refuting  an 
electron-configuration  theory  of  catalysis.  However,  using  the  minimum-polarity  approach, 
these  results  are  consistent  with  such  a  theory. 

An  interesting  set  of  experiments  Involving  both  corrosion  and  catalysis  (but  not  Cu-Ni 
alloys)  was  reported  by  Hara  and  Mano  (95).  They  considered  the  problem  of  designing  tarnish- 
resistant  electrical  contacts  that  can  withstand  both  corrosive  gases  and  organic  vapors. 

In  organic  vapors,  catslytlc  activity  leads  to  polymer  formation  and  increases  contact 
resistance.  They  related  this  catalytic  activity  to  holes  in  the  d  band  and  suggested  that 
the  optimum  composition  is  one  in  which  the  d  band  is  Just  full,  giving  both  s  low  corro¬ 
sion  rate  and  a  low  catalytic  activity. 

In  summary,  an  electron-configuration  theory  can  account  on  a  semiquantltatlve  basis 
for  observations  of  the  corroalon  rate  of  Cu-Ni  alloys  in  saltwater,  critical  compositions 
for  passivity  of  Cu-Ni  alloys  in  H.SO,,  as  wall  as  related  phenomena  such  as  catalysis  on 
Cu-Ni  alloys.  Neither  the  understanding  of  the  electron  theory  nor  the  corrosion  behavior 
has  been  explored  sufficiently  as  yet  to  ascertain  whether  observed  correlations  are  more 
than  coincidental.  Since  Cu-Ni  alloys  are  considered  to  be  the  best  understood  alloy  system, 
it  may  form  a  prototype  for  extension  to  other  alloy  systems.  As  more  data  and  understanding 
are  obtained,  the  details  and  complexities  become  more  Important  requiring  Interdisciplinary 
studies  involving  solid  state  physics  and  electrochemistry. 
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Discussion  by  H.  H.  Uhlig: 

I  am  pleassd  that  Dr.  Bsnnstt  and  his  co-worksrs  havs  given  further 
thought  to  the  relation  of  electron-configuration  in  alloy  systems  to  their 
passive  and  corrosion  behavior.  The  relations  which  they  have  summarized 
are  important  to  an  understanding  of  how  corrosion-resistant  metals  function, 
and  also  how  bast  to  establish  the  optimum  route  along  which  any  useful 
research  program  on  better  alloys  should  be  directed.  Their  contribution 
of  modern  terminology  to  the  current  concepts  of  the  metallic  state  is 
welcome. 

To  whatever  extent  the  idea  was  at  first  opposed,  our  own  continuing 
work  in  this  area  has  now  established,  I  believe,  a  definite  relation  between 
d  band  electronic  structure  within  the  Ni-Cu  alloy  system  to  the  possible 
formation  of  a  passive  film.  One  can  always  discuss  the  relative  validity 
of  numbers  that  are  predicted  by  any  particular  model  of  electronic  states, 
but  quite  apart  from  such  details,  the  critical  composition  at  which 
passivity  initiates  [observed  divergence  of  i  (critical)  and  i  (passive) 
at  and  below  60-70%  Cu  in  1  N  H2SO4]  is  essentially  shifted  toward  higher  Ni 
compositions  by  alloyed  non-transition  components  (e.g.  Al,  Zn,  6a,  Ge) 
and  toward  lower  Ni  compositions  by  transition  metal  components,  e.g.  Fe, 

Co,  Mn.  These  shifts  are  in  accord  with  donor  electrons  contributed  to  the 
alloy  by  non-transition  components,  and  of  electron  vacancies  by  transition 
metal  components.  Facts  of  this  kind,  plus  the  relative  amount  by  which 
each  component  predictably  shifts  the  critical  composition  make  it  extremely 
unlikely  that  the  reported  observations  can  be  merely  coincidence. 

Independent  adsorption  studies  show  that  the  presence  of  an  unfilled 
d  band  in  a  metal  favors  the  chemisorption  of  oxygen.  Parallel  consider¬ 
ations  and  observations  support  a  model  of  the  passive  film  based  on 
chemisorbed  oxygen.  Metal  ions  may  in  time  penetrate  that  adsorbed  film  in 
nonstoichiometrlc  amounts,  accounting  for  the  increased  stability  of 
thicker  passive  films  forming  in  long  times  or  at  more  noble  potentials. 

For  a  filled  band,  on  the  other  hand,  bonding  of  oxygen  to  the  metal  is  less 
energetic,  and  a  stoichiometric  oxide  forms  in  preference.  The  latter  may 
act  as  a  diffusion  barrier  film,  but  this  is  not  the  passive  film  as 
presently  discussed.  The  action  of  the  adsorbed  passive  film  is  to  impede 
not  diffusion,  but  the  rate  of  metal  ion  dissolution  (e.g.  by  displacing 
adsorbed  H2O  necessary  to  ion  hydration).  Electrochemically  speaking,  the 
exchange  current  density  for  metal  ion  dissolution,  for  whatever  cause,  is 
decreased,  and  anodic  polarization  is  increased,  corresponding  to  the 
observed  polarization  behavior  of  passive  metals  such  as  the  stainless 
steels,  many  nickel-base  alloys,  titanium,  chromium,  etc. 

The  electron  interactions  responsible  for  passivity  in  transition  metal 
alloys  such  as  Fe-Cr,  Ni-Cr,  Ni-Mo,  etc.  are  not  as  well  established  as  for 
the  Ni-Cu  system  but  it  is  assumed  that  they  follow  an  analogous  pattern. 

It  would  seem  that  attention  to  these  systems  might  well  receive  attention 
next  by  solid  state  physicists,  whose  proposed  models  should  benefit  from 
the  accumulated  empirical  data  already  established  on  corrosion  behavior 
and  passive  compositions. 
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Note  Added  in  Proof  to  "On  the  Electron-Configuration 
Theory  Of  Narine  Corroalon" 


L.  H.  Bennett,  L.  J.  Swartzendrubar,  and  M.  B.  McNeil 

National  Bureau  of  Standards 
Washington,  D.  C.  20234 


We  are  Indebted  to  Professor  J.  Frledel  (of  the  Unlverilty  of  Paris)  for  the  sugges¬ 
tion  that  sone  remarks  on  geometric  factors  in  catalysis  and  corrosion  would  be  appropriate. 
This  paper  has  been  lsrgely  concerned  with  measurements  using  polycrystels  (though  without 
careful  study  of  posslbla  preferred  orientation!)  However  it  has  long  bean  known  (87)  that 
surface  structure  is  an  important  factor  in  catalytic  behavior;  this  has  recently  been  the 
subject  of  fairly  detailed  studies  (96,97).  For  Cu,  there  is  very  clear  evidence  (98)  that 
surface  crystallographic  orlantation  has  a  pronounced  effect  upon  oxide  film  formation. 

For  Ni,  it  has  been  shown  that  different  crystallographic  planes  show  different  passivation 
curves  (100),  though  comparable  work  has  not  appeared  for  Cu-Nl  alloys. 

In  addition  to  puraly  crystallographic  orientation  effects,  there  are  substantial  ef¬ 
fects  due  to  cold  work.  This  has  been  shown,  for  example,  for  catalysis  on  Au  (96),  and 
it  has  been  noted  that  not  only  does  corrosion  of  Cu-Nl  polycrystals  depend  upon  the  de¬ 
gree  of  cold  work,  but  also  that  the  effect  of  cold  work  on  corrosion  varies  with  alloy 
composition  (101).  Steps,  kinks,  facets,  etc.,  on  the  surface  are  also  known  to  be  Impor¬ 
tant.  Clearly  more  work  is  needed  on  the  Interplay  of  electrochemical  and  crystallographic 
factors  in  determining  both  corrosion  and  catalytic  behavior.  We  thenk  Drs.  J.  Kruger, 

U.  Bertoccl,  and  A.  W.  Ruff,  Jr.  for  their  comments. 
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A  study  of  the  corrosion  products  of  copper,  zinc  and 
some  of  their  alloys 

E.D.  Mor  -  A.M.  Beccarla 

Conslgllo  Nazionale  delle  Ricerche 
Laboratorlo  per  la  Corroslone  Marina  del  Metalll 
Via  Mercanzia,  4  -  16123  Genova 
Italia 

The  study  of  the  corrosion  products  of  copper,  zinc 
and  their  alloys  In  sea  water  was  made  by  chemical  and 
physical  methods. 

X  ray  diffractometrlc  analysis  confirmed  the  results 
of  chemical  analysis,  only  for  long  corrosion  periods, 
because,  for  short  corrosion  time,  only  the  metal  oxydes 
could  be  detected. 

The  following  corrosion  products  were  obtained  from 
the  various  metals: 

copper:  Cu20,  CuO,  CuC12*3  Cu(0H>2,  2  CuC03*Cu(OH)2; 

zinc:  ZnO,  Zn(0H)2,  4  2nO*CO2*H20,  ZnCl^*  4Zn(0H)2 

OT/67  and  OT/58  alloys:  ZnO,  OjuO,  CuO,  Cu  and  Zn  oxy¬ 
chlorides  and  basic  carbonates. 


1.  Introduction 

The  mechanism  of  the  corrosion  of  copper  in  slightly  alkaline  solutions 
or  In  sea  water  was  previously  investigated  by  some  authors,  who  examined, the 
corrosion  products  by  X  ray  diffractometry.  Pourbalx's  research  on  the  pitting 
of  copper  In  solutions  containing  chlorides  (1H2H3)1  or  in  sea  water  (4)  , 
showed  the  possible  formation  of  different  layers  of  products  in  the  following 
order,  starting  from  the  metal  surface:  Cu20,  CuCl,  Cu(0H)2,  CuCO^. 

Compton  (5)  has  found  a  basic  oxychloride  having  the  formula  (Cu^+) 

(OH  )n(Cl  )  >  that  was  also  confirmed  by  the  results  of  Uhllg  (6).  The  corroj) 
ion  product^  of  zinc,  studied  in  water  solutions  by  Uhllg  (7),  Evans  (8)  Pour- 
balx  (9)  and  Johnson  (10)  are  formed  by  a  smaller  number  of  compounds,  mainly 
containing  oxydes  and  hydroxydes.  This  type  of  precipitate,  following  Blok 
and  De  Bruyn  (11),  may  be  considered  as  a  mixture  of  Zn  (OH),  and  Zn(OH),  ,X„  , 

^Figures  in  parentheses  indicate  the  literature  references  at  the  end  of  this 
paper. 
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where  X  represents  an  anionic  Impurity  adsorbed  during  the  oxyde  precipitation. 
Notwithstanding  the  number  of  papers  published  on  the  behaviour  of  Cu-Zn  alloys 
in  sea  water,  very  little  information  was  reported  concerning  the  composition 
of  their  corrosion  products. 

The  layer,  formed  by  the  corrosion  products  on  the  surface  of  metals,  may 
have  different  thickness  and  permeability. 

The  analysis  is  easier  when  the  thickness  of  the  film  is  above  1000  A, 
while  thinner  layers  lead  to  serious  analytical  problems.  In  the  former  case, 

X  ray  diffractometry  may  allow  the  identification  of  the  compounds  having  a 
concentration  larger  than  10%,  while,  in  the  latter,  with  a  thickness  of  about 
100  A,  this  technique  may  give  poor  results.  The  infrared  ATO  method,  used  by 
Eblko-Suetaka  (12),  (13),  Poblmer  (14)  and  Poling  (15),  for  the  identification 
of  thin  oxyde  films  and  the  measurement  of  their  thickness,  cannot  be  used  with 
Cu  and  Zn  treated  with  sea  water,  due  to  the  roughness  of  the  corroded  surface, 
that  does  not  allow  a  good  optical  contact  with  the  ATR  crystal. 

A  good  method  of  investigation  must  allow  the  separation  and  the  quantltat 
ive  analysis  of  the  different  components  of  the  corrosion  products.  Therefore 
they  must  be  removed  from  the  metallic  surface  without  modifications. 

This  result  is  generally  achieved  by  means  of  a  chemical  treatment  of  the 
metallic  matrix  with  iodo-alcohol  (16)  or  bromo-ether  (18  -  17)  solutions,  or 
by  electrochemical  methods  (19)  (20),  that  do  not  modify  the  metal  oxydes  (21). 

Unfortunately,  these  methods  destroy  many  products  less  stable  than  oxydes, 
as  sulphides,  oxychlorides  and  basic  carbonates.  For  the  same  reason,  the 
stripping  technique,  used  for  electron  microscope  replicas  (22)  (23)  (24)  (25) 
cannot  be  satisfactorily  used. 

A  NACE  report  (26)  and  the  works  of  Cotton  (27),  suggest,  for  the  determin 
ation  of  the  copper  corrosion  products  in  sea  water,  a  separate  solution  of  the 
various  components,  without  removing  the  corrosion  layer  from  the  metallic 
surface . 

The  reagent  used  (ammonium  chloride  in  NH4OH  solution  or  hydroxilamine 
chlorhydrate  10%)  has  poor  selectivity  because  it  dissolves  all  the  copper 
compounds,  without  respect  to  their  valence  and  oxydation  degree. 

For  this  reason,  we  tried  to  develop  a  method  for  the  qualitative  and 
quantitative  analysis  of  all  the  corrosion  products  of  Cu,  Zn  and  their  alloys, 
that  also  allows  the  different  stages  of  the  corrosion  process  to  be  investig¬ 
ated. 

We  have  found  a  series  of  treatments,  with  different  solvents  at  various 
concentrations  and  temperatures,  that  separately  dissolves  each  compound,  with¬ 
out  modification  of  the  others. 

Many  solvents  were  used:  methanol  (28)  to  remove  sodium  magnesium  and 
copper  chlorides,  glycine  (29),  that  dissolves  the  bivalent  metallic  compounds; 
NH4CI  (28),  that  dissolves  the  metallic  compounds  other  than  bivalent.  All 
these  reagents  do  not  react  with  the  metallic  matrix.  After  every  treatment, 
to  confirm  the  analytical  results,  X  ray  dlffractometric  analyses  were  made, 
both  on  the  layers  still  adherent  to  the  metal,  and  when  possible,  on  the 
removed  and  pulverized  corrosion  products. 
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2.  Experimental  tecnlque 

The  following  metallic  materials  were  used  for  the  experiments:  annealed 
electrolytic  copper,  99.8%  (codex  Erba  n. 475245),  zinc  98%  (codex  Erba  n. 493507), 
and  two  different  Cu-Zn  alloys  (OT/67  and  OT/58),  containing  respectively  the 
amounts  67/33  and  58/42  of  the  two  metals  with  0,2%  maximum  Impurities. 

All  the  test  pieces  were  polished  with  a  series  of  abrasive  papers  (180  . 

320  .  400  .  500  .  600)  and  degreased  with  petroleum  ether  before  Immersion  Into 
the  corrosive  solutions.  The  corrosion  tests  were  made  In  open  cells  at  25°C, 
without  agitation,  for  different  lengths  of  time,  carefully  maintaining  constant 
both  the  physico-chemical  properties  and  the  concentration  of  the  solutions. 

The  ratios  between  the  volume  of  the  solutions  and  the  surface  of  the  test 
pieces  were  as  suggested  by  Uhllg  (30). 

The  pure  metals  were  placed  In  various  solutions:  a  very  diluted  NaOH 
solution  at  pH  8.2  XsCfc;  NaCl  solution  3,5%;  NaHCO^  solution  2%;  synthetic 

sea  water  (Lymann-Flemlng) ;  while  the  two  alloys  were  treated  with  synthetic 
sea  water  only. 

Different  corrosive  solutions  with  pure  metals  were  used  to  separately 
obtain  some  corrosion  products  (as  oxychlorides  and  basic  carbonates)  and  test 
their  behaviour  with  respect  to  the  different  reagents. 

In  fact,  the  solubility  tests  directly  made  on  the  powders  of  the  possible 
corrosion  products,  using  the  pure  crystalline  standards  normally  used  for  X 
ray  dlffractometrlc  Identification  (atacamite,  malachite,  Cu  and  Zn  oxydes  etc), 
would  only  approximately  represent  the  true  situation  of  the  corrosion  layer. 

In  Is  well  known  that  the  solubility  of  a  given  compound  does  not  depend  on 
Its  chemical  nature  only,  but  Is  strongly  influenced  by  its  granulometry. 

To  make  different  tests  on  the  same  specimen  (chemical  methods,  X  ray  analys 
is,  total  oxygen),  the  corroded  test  pieces  were  partially  covered  with  adeslve 
Teflon  tape,  before  every  chemical  treatment. 

To  determine  the  best  dissolving  conditions  for  Cu  and  Zn  oxydes,  the  test 
pieces  of  the  two  pure  metals,  after  corrosion  In  deionized  water  at  pH  8.2  for 
100  hours,  were  washed  with  methanol,  under  nitrogen  atmosphere,  using  the 
apparatus  shown  In  fig.  1. 

The  treatment  with  methanol  was  made  at  65  *C  for  1  hour  and  the  resulting 
solution  was  filtered  on  Millipore  membrane  UHWPO  2500. 

Cu  and  Zn  were  absent  from  the  filtrate,  where  their  presence  was  tested 
spectrophotometrically,  using  respectively  the  Belcker-Crotsland  method  (Cu- 
cyclohexanone  complex:  C^H^oNNHCOCONHNCgH^g)  (31),  and  the  Sadllkova  method(32) 
(zincon  complex:  CjH^N^OgSNa.HjO) . 

The  experiments  showed  that  copper  or  zlncoxydes  formed  In  the  conditions 
described,  are  Insoluble  in  CH^OH. 

After  treatment  with  methanol,  the  test  pieces  were  placed  in  the  apparatus 
shown  In  fig.  2  (A),  and  treated,  under  N2  atmosphere,  with  glycine  at  diff¬ 
erent  concentrations  and  temperatures,  for  5  minutes.  Glycine  was  introduced  in 
the  system,  after  N2  flushing,  by  means  of  the  stopcock  1  £see  fig.  2  (A)J 

For  the  comparison,  the  same  treatment  was  also  dons  on  test  pieces  of  copper 
and  zinc,  polished  and  degreased  as  described  above,  but  without  corrosive 
treatment.  The  results  of  these  experiments  are  reported  in  table  1. 
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On  Che  sane  portion  of  Che  surface,  after  rinsing  with  water,  a  treatment 
with  NH^Cl  107.  at  three  temperatures  was  made  using  the  same  apparatus  shown 
In  fig.  2,  under  nitrogen,  for  5  minutes. 

The  results  are  reported  in  Table  2  . 

On  the  remaining  part  of  the  surface,  the  oxygen  combined  with  metals  was 
determined  using  the  Gurry  method  (Hj  reduction)  (33).  The  results  are  shown 
in  Table  3  ,  where  the  values  of  oxygen  on  the  non-corroded  pieces  are  not 
reported,  because  all  the  determinations  give  zero  values.  On  the  contrary  , 
the  values  of  oxygen  experimentally  measured,  are  compared  with  those  stoichlo 
metrically  calculated  from  the  amounts  of  copper  and  zinc  dissolved  with  gly¬ 
cine  and  with  NH^Cl  (see  Table  1  and  2). 

This  comparison  shows  that  the  treatment  with  glycine  30*4  at  80-85°C, 
followed  by  NH^Cl  10*4  at  the  same  temperature,  is  the  best  method  for  the 
determination  of  copper  oxydes.  The  treatment  with  NH.C1,  on  the  contrary,  was 
useless  for  the  zinc  compounds,  (see  Tables  2  and  3). 

The  X  ray  dlffractometric  analysis,  confirmed  these  results. 

The  same  method  described  above  was  used  to  analyse  the  products  formed 
after  corrosion  with  NaHCO^  27.  and  NaCl  3.5%,  that  mainly  consists  in  basic 
carbonates  and  oxychlorides,  respectively. 

The  corrosive  treatment  lasted  from  8  to  350  hours . 

In  the  pieces  corroded  with  NaHCO^,  also  the  C0_,  formed  during  the 
glycine  treatment,  was  measured  by  titration  with  sodium  methanolate  in  pyrid¬ 
ine  (Patchomik-Shalitin  (34)  ). 

The  Cl  anion  was  measured  with  the  Ag  iodate  method  and  by  spectrophoto- 
metric  determination  of  the  iodine  formed  (35). 

In  both  cases,  the  methanol  treatment  did  not  modify  either  the  oxychlor¬ 
ides  nor  the  basic  carbonates. 

The  results  are  reported  in  table  4  :  the  composition  of  the  corrosion 
products  depends  on  the  corrosion  time.  In  the  first  stage  of  the  reaction  , 
only  the  oxydes  are  formed,  and,  subsequently,  their  precipitate  Includes 
anions  (Cl“  and/or  CO3””)  forming  oxychlorides  and  basic  carbonates  (Compton 
(5)  Block  and  De  Bruyn  (11)  Blestek  (36)  and  Pollard  (37). 

It  was  possible  to  determine  the  stoichiometric  composition  of  the  corros 
ion  products  by  X  ray  diffractometry ,  only  when  the  pieces  were  treated  with 
the  corrosive  solutions  for  periods  longer  than  10  days.  For  shorter  corrosion 
time  oxychlorides,  chlorides,  or  carbonates  could  not  be  detected  by  X  ray 
analysis . 

The  same  analysis  method  described  above  was  applied  to  test  pieces  of 
Cu,  Zn,  and  their  alloys  OT/67  and  OT/58,  corroded  in  seawater  for  various 
times . 

The  results  are  shown  in  table  5  . 

Also  in  these  circumstances  on  the  primary  layer  of  oxydes,  formed  in  the 
first  stage  of  the  corrosion  process,  oxychlorides  and  basic  carbonates  with 
variable  composition  later  appear  containing  some  cationic  Impurities  too,  as 
Mg  in  the  case  of  Zn. 

On  the  contrary,  the  corrosion  products  of  the  alloys  OT/67  and  OT/58  are 
practically  formed  only  by  copper  and  zinc  oxydes. 
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Also  in  these  cases,  the  confirmation  of  the  results  was  possible  by  X 
ray  diffractometry,  only  when  corrosion  time  was  longer  than  15  days. 

Comparing  the  diffractograms  of  the  corrosion  products  formed  In  NaCl 
solution  with  those  formed  in  sea  water,  it  could  be  observed  that  the  latter 
have  broader  peaks,  that  may  indicate  a  finer  structure  of  the  compounds,  and 
explain  the  smaller  corrosion  of  copper  and  zinc  in  sea  water. 

3.  -  Conclusion 


The  proposed  method  of  analysis  gives  therefore  good  results,  allowing 
the  separate  solution  of  the  different  products  of  corrosion. 

X  ray  diffractometry,  when  its  application  was  possible,  substantially 
confirmed  the  results  of  the  chemical  analysis. 
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TABLE  1  -  Amount*  of  copper  end  Zinc  dissolved  from  apparent 

surface  of  samples  after  5  minutes  ef  treatment  with  glycine 
solutions*  In  columns  a  are  reported  the  values  obteined  from 
non  corroded  samples,  in  columns  b  the  values  from  corroded 
samples.  Corrosive  solution:  diluted  NaOH  (pH  8.2) 


Sample 


Glycine  cone. 

T 

g/100  ml 

•C 

5 

25  -30 

50-60 

80-85 

10 

25-30 

tr 

O 

1 

ON 

O 

80-  85 

20 

25-30 

50-60 

80-85 

30 

25-30 

50-60 

80-85 

TABLE  2  -  Amounts  of  copper  and  Zinc  dissolved  from  apparent  surface 
of  samples,  previously  treated  with  glycine,  after  5  minutes  of  treat¬ 
ment  with  NH^Cl  101.  In  colurais  a  are  reported  the  values  obtelned 
from  non  corroded  samples.  In  columns  b  the  values  from  corroded  sam¬ 
ples.  Corrosive  solution:  diluted  NaCH  (pH  8.2) 


sample 

n* 

* 

Previous  treatment 

NH.C1  10% 
4 

treatment 

T 

•c 

Cu  -2 

Zn 

glycine  cone 
g/100  ml 

T 

•C 

a 

b 

a 

b 

5 

25-30 

25-30 

30 

m 

50-60 

- 

70 

20 

22 

80-85 

- 

170 

30 

28 

50-60 

25  -30 

- 

32 

■ 

as 

50-60 

- 

75 

24 

20 

80-85 

- 

180 

28 

27 

80-85 

25  -30 

- 

36 

- 

- 

8 

50-60 

- 

78 

32 

36 

9 

80-85 

_ 

165 

28 

30 

10 

10 

25-30 

25-30 

35 

m 

_ 

11 

50-60 

80 

34 

32 

12 

80-85 

163 

36 

30 

13 

50-60 

25  -30 

38 

■i 

14 

50-60 

90 

25 

28 

15 

80-85 

155 

28 

32 

16 

80-85 

25-30 

38 

- 

- 

17 

50-60 

78 

30 

31 

18 

80-85 

130 

30 

28 

19 

20 

25-30 

25-30 

B 

36 

. 

_ 

20 

50-60 

82 

26 

20 

21 

80-85 

136 

28 

29 

22 

50-60 

25  -30 

33 

- 

- 

23 

50-60 

81 

27 

30 

24 

80-85 

■ 

110 

31 

36 

25 

80-85 

25  -30 

35 

- 

- 

26 

50-60 

82 

37 

30 

27 

80-85 

100 

36 

34 

28 

30 

25  -30 

m 

32 

_ 

m 

29 

50-60 

- 

75 

34 

31 

30 

80-85 

- 

110 

38 

36 

31 

50  -60 

25  -30 

m 

35 

- 

- 

32 

50-60 

- 

76 

26 

30 

33 

80-85 

- 

112 

28 

37 

34 

80-85 

25-30 

- 

38 

- 

- 

35 

- 

65 

28 

31 

36 

80-85 

m 

97 

29 

32 

*  see  Table  1 
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TABLE  4  -  Amounts  (  pg/cm  )  of  vsrlous  elements  obtelned  from  the 
dissolution  of  the  corrosion  products.  In  column  A  are  reported  the 
formulas  of  compounds  stoichiometrically  calculated. 


Metal 

Corrosive 

Solution 

Cu 

NaHCCL 

8 

2% 

72 

120 

240 

350 

NaCl 

8 

3,5% 

72 

120 

240 

350 

Zn 

NaHCO. 

8 

21 

72 

120 

240 

350 

NaCl 

8 

3,5% 

72 

120 

240 

350 

■B 

135 

218 

475 

1100 

Cu^O-CuO 

CUjO-fCuO  •  2CuC03] 
Cu20-[Cu0  ‘  3CuC03] 
Cu20-[Cu0  •  2CuC03] 
Cu20-[Cu0  •  2CuC03] 

■ 

Cu20-Cu0 

■ 

Cu20-[CuC12.2Cu0] 

Cu20-[CuC12-2Cu03 

Cu20-[CuC12»2Cu0] 

Cu20-[CuC12-3Cu0] 

m 

ZnO 

147 

ZnO  • 3ZnCo3 

226 

ZnO  •  2ZnC03 

270 

ZnO  *  Zn003 

260 

3  ZnO  •  ZnCOj 

Zn 

6  ZnO  •  ZnCl2 

5  ZnO  •  ZnCl2 

I 

4  ZnO  •  ZnClj 

4  ZnO  •  ZnCl2 

TABLE  5  -  Amounts  (jug/crn  )of  various  elements  obtelned  from  the 

dissolution  of  the  corrosion  products.  In  column  A  are  reported 
the  formulas  cf  compounds  stoichloroetrically  calculated.  Corrosive 
solution:  synthetic  sea  water  (Lymann  and  Fleming)  at  pH  8.2 


Metals  Corrosion 
time 
h 


Cu1  Cu11 


Zn  Mg  Cl 
/Ug  cm  2 


OT/58 

alloy 


-  37  -  Cu20-Cu0 

80  28  -  CUjO-CuO-CuCl  2 

143  51  45  Cu20-3Cu0*2CuCl2CuC03 

193  144  122  Cu20-3Cu0*CuCl2*CuC03 
200  236  242  Cu20-5Cu0CuCl2»2CuC03 
268  340  327  Cu20-5  CuO  •  CuC  1 2  •  2CuC03 

329  454  610  Cu20-6CuO-CuCl2*3Cu(»3 


89  102  -  5ZnO*ZnCl2 

900  20  97  172  61  8ZnO*ZnCl2*Zn(»3 

1200  40  198  227  63  10Zn0-2ZnCl2*ZnC03 

1800  50  148  352  187  10Zn0-ZnCl2 -2ZnC03 

2500  50  206  470  269  10ZnO*ZnCl2*2ZnC03 

3000  60  248  5  65  314  10ZnO*ZnCl2*2ZnC03 


32  -  ZnO'CuO 

38  -  4( ZnO  *CuO) • ( Zn  Cu  Cl.  ) 

x  y  z 

56  31  5(Zn0.Cu0)*(ZnxCuyClzC02t) 

87  103  55  5(Zn0*Cu0)*(ZnxCuyClzC02t) 

120  140  75  5(Zn0*Cu0).(ZnxCuyClzC02t) 


ZnO • CuO 


5 ( ZnO -CuO) ( ZnxCuyClz ) 

-  6(ZnO  CuO)(ZnxCuyClz> 

37  6(ZnO*CuO)(Zn  Cu  Cl  CO,.) 

x  y  z  zt 

47  6(ZnO-CuO)(Zn  Cu  Cl  CO,.) 

x  y  z  2t 
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Erosive  Damage-Processes  Due  to  Cavitation 


P.  Erdmann* Jesnitzer  und  H.  Louis 
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Appelstrafle  2*t  A,  3000  Hannover 
Federal  German  Republic 


The  hydromechanical  damage  of  materials  by  cavitation  is 
often  based  on  corrosion  ana  always  on  erosion  which  is  the 
dominant  factor  in  case  of  damage  of  high  intensity.  Catho¬ 
dic  protection  diminishes  corrosive  damages  however  without 
any  influence  on  the  erosive  part.  The  kinetics  of  cavitation 
damage  are  examined  by  observing  the  initial  stages  of  damage 
on  metallic  and  non-metallic  materials.  For  this  purpose  we 
have  developed  a  testing  chamber  of  flow  cavitation  with 
high  intensity  of  erosion.  Unscratdched  and  undeformed 
Polished  samples  show  the  changes  as  a  result  of  imploding 
cavitation  bubbles.  In  some  exceptional  cases  the  damage  is 
caused  by  one  bubble  only:  the  surface  of  soft  metals  shows 
plastic  deformation  waves  radiallysymmetric  to  the  centre  of 
damage;  in  case  of  brittle  materials  .howevei;  the  initial 
damages  are  radiallysymmetric  cracks,  surrounding  a  more  or 
less  undamaged  centre.  Heterogeneous  metallic  materials  may 
show  different  forms  of  attack.  On  soft  materials,  e.g.  wax 
or  pure  aluminum,  the  initial  stages  of  damage  are  followed 
by  plastic  deformation,  cracking  and  finally  excavating  the 
material.  These  different  stages  of  damages  can  be  proved  by 
scanning  electron  microscope. 

Hydromechanical  damage  by  liquid  impact  has  been  examined 
as  well.  Tests  of  metallic  and  non-metallic  materials  show  the 
similar  appearence  of  surface  load  in  cases  of  cavitation  and 
liquid  impact.  Special  comparative  studies  of  these  forms  of 
loading  at  pure  aluminum  (A1  99,99)  and  plexiglas  (PMMA)  have 
proved : 

The  elementary  process  of  erosive  cavitation  is  the 
impact  of  liquid. 

From  the  results  of  the  cavitation  tests  one  can  derive 
basic  principles  of  convenient  mechanical  properties  of  metal¬ 
lic  materials.  They  are  the  guiding-principles  for  the  develop¬ 
ment  of  material  with  high  cavitation  resistance. 

Key  Words:  flow  cavitation,  testing  chamber , cavitation 

erosion 
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Damage  caused  by  imploding  cavitation  bubbles  consists  of  an  erosive 
and  a  corrosive  component.  Metallographical  studies,  referring  to  the  be¬ 
ginning  of  the  destruction  demonstrate  the  effect  of  corrosion  already  at  a 
very  early  stage  of  loading  time.  For  long  periods  of  loading  it  is  more 
difficult  to  determine  the  part  of  corrosion.  Corrosive  as  well  as  erosive 
damages  during  the  beginning  of  cavitation  damage  change  the  profiles  only 
a  little  and  therewith  the  cross-section  of  the  channels.  Increasing  rough¬ 
ness,  which  may  lead  to  deep  damages  through  the  whole  workpiece  and  the 
corresponding  weight  loss, show  that  the  erosive  component  is  the  dominant 
factor. 

In  case  of  cavitation  of  low  intensity  the  corrosive  damage  can  be 
reinforced  by  mechanical  splintering  of  the  layers  of  corrosion  products. 
Splintering  is  caused  by  the  mechanical  effect  of  imploding  bubbles.  This 
whole  process  is  repeated  again  and  again. 

The  topic  of  this  report  will  be  the  erosion  as  a  mechanical  destruc¬ 
tion  caused  by  imploding  cavitation  bubbles.  The  amount  of  erosive  damage 
depends  on  the  composition  and  constitution  of  the  test-material. 

To  produce  an  erosive  damage  by  imploding  bubbles  one  can  employ  the 
method  of  vibration.  Nevertheless  in  our  institute  however,  we  tried  to  ob¬ 
tain  such  a  kind  of  destruction  by  flow  cavitation.  The  reasons  are  the 
following: 

1.  The  production  of  bubbles  by  high-frequent  vibrations  has  a  relationship 
to  the  practical  aspects  in  only  a  few  cases. 

2.  The  specimens  are  highly  loaded,  even  without  the  effect  of  imploding 
cavitation  bubbles  at  the  oscillating  nozzle  of  a  vibration  equipment. 

3.  The  damage  of  a  great  number  of  specimens  seem  to  be  an  effect  of  reso¬ 
nance,  as  a  result  of  the  macroscopical  load,  and  not  caused  by  the  im¬ 
ploding  bubbles. 

If  you  look  at  flow  cavitation  only,  using  tap  water  as  working  fluid, 
you  will  find  that  the  destruction  of  the  material  consists  in  general  of  a 
corrosive  and  an  erosive  part.  The  erosive  part  can  only  be  investigated  if 

1.  corrosion  is  prevented.  One  possibility  to  prevent  corrosion  is  the 
cathodic  protection. 

2.  the  erosive  damage  is  highly  increased.  Thus  the  duration  of  experiments 
have  been  remarkably  shortened  and  the  energy  of  every  imploding  bubble 
has  been  increased,  so  that  the  corrosive  part  of  the  whole  damage  be¬ 
comes  very  small  and  has  no  further  influence  on  the  kinetics  of  damage. 

We,  in  Hannover,  prefer  this  last  mentioned  method.  , 

We  designed  a  chamber  of  flow  cavitation  similar  to  that  of  H.  Schrttter  (1) 
and  J.M.  Mousson  (2).  The  possibility  of  geometrical  and  hydromechanical 
variations  leads  to  a  chamber  of  very  high  intensity  of  erosive  damages.  The 
results  of  the  tests  can  easily  be  reproduced.  In  this  chamber  the  inlet 
pressure,  the  reversive  pressure,  the  distance  between  the  barricades  and 
the  position  of  the  specimen  can  be  changed. 

The  chamber  is  formed  by  a  rectangular  channel.  The  bubbles  are  caused 
by  the  decreasing  pressure  of  the  fluid  as  a  result  of  two  cylindrical  bar¬ 
ricades,  called  "Wehr"  and  "Qegenwehr" ,  Fig.  1. 


^Figures  in  parentheses  indicate  the  literature  references  at  the  end  of 
this  paper. 
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The  direction  of  the  flow  is  from  the  left  to  right.  On  both  sides  there  are 
observation  windows,  so  that  you  can  observe  the  rate  of  the  damage  and  the 
formation  of  the  stream  of  bubbles.  Usually,  the  specimens  are  replaced  from 
the  top. 

The  cylindric  form  of  the  barricades  was  chosen  because  of  the  easy  way 
of  reproduction  of  the  macroacopical  and  microscopical  geometry.  Barricades 
with  special  forms,  as  used  by  ti.  SchrOder,  should  not  be  used  for  these 
experiments  because  the  reproduction  of  the  microscopical  geometry  is  diffi¬ 
cult  to  realize,  however,  very  important. 

The  experimental  results  of  cavitation  are  obtained  in  the  developed 
chamber  of  flow  cavitation. 

When  testing  soft  metals,  as  for  example  aluminum,  the  imploding  bubbles 
lead  to  a  deformation  of  the  specimen  surface.  As  a  result  of  this  the  rough¬ 
ness  ana  therefore  the  strengthening  increase  with  duration  of  test,  until 
the  surface  does  not  allow  any  further  plastic  ceformation. 

These  changes  are  the  result  of  many  implosions  of  cavitation  bubbles. 

To  examine  the  elementary  process  of  damage  we  tried  toget  only  a  few  bubbles 
to  implode  on  the  specimen  surface.  Therefore  an  aluminum  specimen  has  to  be 
checked  less  than  1  s  in  the  new  testing  chamber. 

The  tested  specimen  shows  characteristical  changes  of  the  surface  which 
&re  probably  the  effect  of  one  single  bubble  implosion.  They  appear  in  form 
of  indentations,  some  of  which  are  symmetrically  surrounded  by  plastic  defor¬ 
mation  waves.  Fig.  2. 

Continuing  the  cavitation  load  on  this  specimen,  in  the  following  se¬ 
conds  the  initial  damages  often  do  not  change.  This  fact  may  prove  that  the 
damage  is  a  result  of  one  imploding  bubble  only. 

In  the  case  of  brittle  plexiglas  ( PMMA )  the  imploding  bubbles  lead  to 
cylindrical  cracks,  partly  surrounding  a  more  or  less  undamaged  centre. 

Fig.  3.  This  damage  also  seems  to  be  the  result  of  only  one  bubble  implosion. 

The  initial  stages  of  damage  caused  by  imploding  bubbles  are  the  inden¬ 
tations  or  crackings  as  shown  above.  With  increasing  loading  time,  e.g.  on 
soft  aluminum,  craters  will  be  formed.  The  position  and  the  form  of  these 
craters  do  not  depena  on  the  structural  constitution  of  the  material. 

After  a  loading  time  duration  up  to  5  s  the  first  damages  appear  scatte¬ 
red  all  over  the  whole  surface.  With  increasing  test  duration  (10  s,  20  s) 
indentations  become  more  ana  more  numerous  and  extend.  Not  only  indentations, 
but  also  glide  bands  are  visible.  Even  without  the  help  of  a  microscope  the 
plastic  deformation  of  the  specimen  surface  can  be  recognized.  The  cause  of 
this  effect  is  the  hydromechanical  loading  by  a  great  number  of  imploding 
cavitation  bubbles.  This  kind  of  damage  is  erosion. 

Aluminum  surfaces  loaded  for  a  short  time  (some  seconds  only)  show  ra- 
diallysymmetric  plastic  deformation  waves,  see  Fig.  2.  By  increasing  the 
testing  time  and  the  resulting  surface  roughness  those  typical  initial  cavi¬ 
tation  damages  do  not  appear  any  longer.  The  reason  to  this  is  the  changed 
state  of  the  specimen  surface.  When  typical  initial  carnages  in  the  beginning 
of  the  cavitation  load  appear,  the  surface  is  plane.  Later  on  it  becomes 
rougher  and  rougher,  which  means  that  the  geometrical  and,  possibly,  the 
hydromechanical  conditions  of  the  surface  loading  change.  As  a  result  of  the¬ 
se,  the  surface  becomes  strengthened  as  it  is  shown  in  micro-hardness  loading 
time  curves  (3). 

Plastic  deformation  of  the  surface  leads  to  bizarre  forms  of  surface  pro¬ 
file  corresponding  with  the  loadinc  time  as  shown  in  Fig.  A  by  scanning  elec¬ 
tron  microscope.  The  testing  time  of  this  aluminum  specimen  amounts  to  15,  30, 

A5  and  60  s.  With  increasing  duration  of  cavitation  load  craters  will  be  for¬ 
med  and  extend.  The  position  and  the  form  of  these  craters  oo  not  depend  on 
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the  structural  constitution  of  the  material.  The  in  parts  highly  deformed 
surface  gives  the  impression  of  a  viscous  flow. 

Prodruding  parts  of  the  surface  are  places  where  cracks  start.  Pig.  5 
shows  a  damaged  aluminum  specimen  after  60  s  of  cavitation  load.  This  stage 
of  damage  can  only  be  observed  by  scanning  electron  microscope. 

The  prodruding  parts  of  the  surface  are  accompanied  by  arising  cracks. 

A  higher  magnification  (the  picture  on  the  right)  shows  the  ground  of  those 
cracks.  The  appearance  of  the  cracks  gives  rise  to  the  idea  of  fracture  by 
alternating  stress.  It  is  known  that  by  increasing  plastic  deformation  metals 
and  alloys  first  show  strengthening,  called  cohesion-strengthening,  and  then 
cohesion-destruction  with  the  tendency  to  the  formation  of  transcrystalline 
cracks,  as  for  example  aluminum.  Fig.  6  shows  such  a  crack  by  high  magnifi¬ 
cation.  It  is  not  clear  whether  the  fracture  is  caused  by  alternating  shear 
stress  or  by  fatigue. 

The  appearance  of  the  damaged  surface  gives  rise  to  the  ioea  that  the 
flow  of  material  is  supported  by  the  high  frequent  pulsation  of  the  load  due 
to  the  imploding  cavitation  bubbles. 

In  the  case  of  brittle  materials,  i.e.  plexiglas  (PMMA),  the  appearance 
of  the  damage  changes  completely.  Fig.  3  showed  the  initial  damages  caused 
by  an  imploding  bubble.  You  will  find  a  more  or  less  undamaged  centre  in 
Parts  surrounded  by  radiallysymmetrical  cracks.  Such  a  typical  damage  is  the 
result  of  the  implosion  of  only  one  bubble.  This  assumption  is  based  on  the 
fact  that  these  damages  generally  do  not  change  their  appearance  during 
continuea  cavitation  load.  With  increasing  testing  duration,  the  number  and 
the  size  of  the  damages  will  extend,  until  the  whole  specimen  surface  is 
scattered  with  cracks.  Fig.  7  left.  Up  to  that  stage  of  damage  no  weight 
loss  is  detectable.  When  continuing  the  load  fragments  break  out  of  the  sur¬ 
face.  Fig.  7  right  shows  this  damage  on  a  surface  of  PMMA. 

For  cast  iron  of  different  structural  constitutions  (materials  as  used 
in  practice)  the  behaviour  under  cavitation  load  has  been  Btudied. 

The  run  of  these  curves  typical  for  this  kind  of  damage  gives  an  idea 
about  the  macroscopical  behavior  of  the  material  against  cavitation  load. 

Fig.  8  shows  the  weight  loss  of  cast  iron  versus  test  duration.  Analysing 
the  weight  loss  you  will  notice  the  important  influence  of  the  structural 
constitution.  From  the  cavitation  tests  with  a  duration  from  10  to  70  h 
the  following  conclusions  can  be  drawn: 

1.  Influence  of  graphite 

The  resistance  of  globular  cast  iron  (called  GGO)  to  cavitation  load  is 
better  than  the  resistance  of  lamellar  cast  iron  (called  OGL) . 

2.  Influence  of  matrix 

The  resistance  of  pearlitic  cast  iron  to  cavitation  load  is  better  than 
the  resistance  of  ferritic  cast  Iron. 

Microscopical  and  scanning-electron-microscopical  studies  about  the 
kinetics  of  cavitation  damage  on  cast  iron  have  been  made.  Under  cavitation 
load  -  independent  of  the  matrix  -  the  graphite  was  broken  out  first.  The 
result  are  holes  in  the  surface.  The  latitude  and  the  number  of  these  holes 
are  of  influence  on  the  further  rate  of  damage.  In  case  of  ferritic-globular 
cast  iron  the  matrix  will  be  deformed  by  imploding  cavitation  bubbles.  The 
holes  are  the  beginning  of  the  cracks.  A  damaged  specimen  of  globular  cast 
iron  after  40  h  of  cavitation  load,  shows  Fig.  9.  The  whole  eroded  surface 
is  scattered  with  cracks. 

In  the  case  of  cast  iron  with  lamellar  arranged  graphite  the  resistance 
to  cavitation  damage  is  lower.  A  cast  iron  specimen  with  lamellar  graphite 
after  15  minutes  cavitation  load  is  to  be  seen  in  Fig.  10.  Cracks  seem  to 
start  from  the  ends  of  the  lamellaa.  In  a  ferritic  matrix,  these  cracks  run 
faster  than  in  a  pearlitic  one,  leading  to  better  resistance  of  the  latter. 
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Comparing  the  damages  on  lamellar  cast  iron  caused  by  cavitation  with 
those  caused  by  liquid  impact  there  is  no  important  difference  in  their 
appearance  to  be  founc,  Pig.  11. 

It  is  suggestec  that  in  both  cases  the  kind  of  the  load  is  the  same. 
There  are  also  results  about  the  special  behaviour  of  cavitation  bubbles 
during  implosion  availlable  (4).  Imploding,  the  bubble  forms  a  small  liquid 
J*t  which  may  be  the  source  of  the  damage.  It  is  very  difficult  to  obtain 
damages  by  a  single  cavitation  bubble  without  interaction  of  others.  Because 
of  these  difficulties  we  tries  to  obtain  the  same  results  by  direct  liquid 
impact.  Therefore  we  have  built  an  apparatus,  known  from  publications  (5), 
for  producing  such  liquid  jets.  The  main  part  of  the  apparatus  is  a  cylindri¬ 
cal  chamber  of  stainless  steel  containing  the  test  liquid.  After  filling, 
one  eno  of  the  chamber  is  sealed  by  a  Polyamid  disk.  On  the  opposite  side 
there  is  an  orifice  corresponding  to  the  diameter  of  the  jet  to  be  formed. 

A  slug  firea  from  a  gun  impacts  the  disk.  What  follows  is  that  the  liquid 
will  be  extruoed  and  accelerated  as  a  jet  up  to  velocities  of  1000  m/s.  The 
silhouette  of  this  apparatus  ano  the  moving  jet  is  to  be  seen  in  Pig.  12. 
Analysing  the  velocity  of  the  jet  and  the  velocity  of  the  spraying 

water  after  the  impact,  you  will  find  that  the  sprayinc  water  moves  much 
faster  than  the  jet. 

Two  materials  with  very  different  mechanical  properties  were  chosen  for 
testing 

1.  plexiglas  (PMMA)  as  a  material  without  ductility, 

2.  Aluminum  of  high  purity  representing  ductile  materials. 

Fig.  13/1  shows  part  of  a  damagec  surface  of  PMMA  after  liquid  impact. 
The  centre  of  the  impact  is  on  the  left ,  on  the  right  there  are  annullar 
cracks  surrounding  the  undamaged  centre.  The  impact  velocity  amounts  to 
600  m/s,  the  diametre  or  the  water  jet  to  3  mm.  A  topogram  (Pig.  13/2)  of 
this  part  of  the  surface  shows  that  the  cracks,  mentioned  above,  form  steps. 
The  vertical  surface  of  each  step  faces  the  centre  of  the  impact.  To  point 
out  the  causes  of  this  damage  we  maoe  further  investigations.  It  could  be 
Proved  that  this  kina  of  damage  is  only  caused  by  the  impact.  It  corres¬ 
ponds  with  damages  by  the  implosion  of  a  single  cavitation  bubble  (see 
Pic.  3).  On  aluminum  of  high  ductility  the  damage  caused  by  liquid  impact 
is  shown  in  Fig.  1H.  In  this  case  there  are  radially  symmetric  waves  of 
plastic  deformation  surrounding  a  more  or  less  undamaged  centre,  see  also 
(6).  In  Fig.  15  part  of  a  damage  causec  by  liquid  impact,  especially  the 
plastic  deformation  waves,  is  to  seen  by  scanning  electron  microscope.  With 
growing  distance  from  the  centre  the  waves  die  away. 

In  contrast  to  PMMA,  the  spraying  water  seems  to  cause  an  additional 
damage  in  aluminum. 

It  should  be  mentionec  that  the  structure  of  the  material  (crystalline 
orientation,  grain  boundaries  etc.)  is  without  influence  on  the  plastic 
deformation  waves. 

Comparing  a  carnage  causec  by  one  imploding  cavitation  bubble  with  one 
causec  by  liquid  impact,  one  finds  that  both  kinds  of  loading  will  lead  to 
the  same  change  in  the  appearence  of  the  surface.  The  following  conclusion 
can  be  drawn: 

erosive _cavi t at ion_loaa  has  the _s ame  hyaromechanic  active  component 
as  liquid ~Jet~attacK 7 

Finally  we  want  to  set  up  some  conditions  for  material  of  high 
resistance  to  erosive  cavitation  load  resulting  from  the  investigations 
made  in  our  institute: 

1.  High  flow  stress,  also  at  quasi-static  high-frequency  load, 

2.  great  capacity  of  strengthening, 

3.  high  rate  of  elongation  without  contraction, 

<t.  high  fatigue  strength,  not  only  of  homogeneous  but  also  of 
heterogenous  structures. 
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Under  the  current  circumstances  you  can  only  sketch  the  way  of  the 
systematic  investigations  made  during  the  last  years.  With  regard  to  the 
multiform  problems  of  flow  cavitation,  cavitation  damage  and  material  be¬ 
haviour,  it  is  easy  to  recognize  that  detailed  investigations  is  necessary 
to  gain  valuable  and  secure  results. 

Valuable  and  secure  results,  however,  can  only  be  obtained  by  making 
use  of  all  modem  method  of  the  material  science. 

The  investigations  about  flow  cavitation  are  sponsored  by  the  German 
Research  Association. 
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1:  Cavitation  chamber  for 
erosive  cavitation  oarage 


Fir.  2:  Initial  damage  caused  by 
one  cavitation  bubble  only 


Fig.  3:  Initial  cavitation  damage 
on  PMMA 


Fig.  <t: 

Cavitation  damages  after 
different  loading  tines 
(Scanning  electron  microscope) 


Fig.  b :  Plastic  deformation  and  cracks  on  a  cavitateo  aluminum  specimen 


Fig.  9:  Cavitation  damages  on 
globular  oast  iron  (SEM) 


Fig.  10:  Cavitation  damages  on 

lamellar  cast  iron  (SEM) 


Fig.  6:  Crack  on  an  aluminum 
specimen,  60  s  cavitatec 


7 :  PMMA  specimen  at  different 
stages  of  cavitation  damage 


Fig.  8:  Cavitation  damage  on  cast  iron 

(influence  of  structural  constitution) 
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impingement  of  liquid  cavitation 
Fig.  11:  Cavitation  and  impingement 
attack  on  lamellar  cast  iron 


Fig.  12:  Water  jet  of  high  velocity  moving  from  a 
cylindrical  chamber  (right)  to  a  specimen  (left) 


Fig.  13:  Damage  on  PMMA  after  liquid  impact 

1  -  Part  of  the  damaged  surface  2  -  Surface  topogram 


„  ..  n 


Fig.  ill:  Liquid  jet  attacK 
on  aluminum  (A1  99. 


Fig.  15:  Damage  by  liquid  je 

on  soft  aluminum  (SEM) 


t 
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Nowadays  it  is  generally  maintained  that  the  kinetics  of 
destruction  of  cavitation  are  similar  to  those  of  liquid  impact. 
This  is  proved  by  macroscopic  as  well  microscopic  forms  of 
initial  damage.  However,  even  in  advanced  stages  of  damage 
similarities  are  to  be  noticed.  These  facte  can  be  demonstrated 
by  comparing  pictures  taken  by  the  scanning  electron  microscope 
(SEM)  on  specimens  loaded  by  cavitation  and  by  liquid  impact 
at  different  stages  of  destruction. 

As  the  elementary  process  of  the  erosive  part  of  cavitation 
is  the  impact  of  liquid  we  make  use  of  the  conventional  liquid 
impact  apparatus  to  investigate  cavitation  resistance.  This 
method  produces  results  in  very  short  time. 

Weightloss  versus  time  curves  on  pure  aluminum  and  on 
pearlitic  lamellar  cast  iron  demonstrate  this  effect  as  well 
as  microscopic  studies  of  specimen  at  different  stages  of 
damage.  As  the  roughness  of  the  surface  of  the  specimen 
increases  witn  test  duration,  one  cannot  examine  the  surface 
under  the  conventional  light  microscope.  Therefore  the 
scanning  electron  microscope  has  proved  a  very  helpful 
apparatus. 

Key  words:  test  equiment  for  liquid  impact, 
water  gun,  initial  damage,  single 
impact,  scanning  electron  microscope. 


In  the  beginnings,  investigations  of  hydraulic  material  damage  were 
characterized  by  the  similarity  of  the  macroscopic  form  of  material 
destruction  caused  by  cavitation  and  caused  by  liquid  impact.  So  it  was 

supposed  that  the  same  mecnanism  of  attack  was  the  cause  for  both  forms 
of  damage.  Further  investigations  of  material  destruction  by  flow  cavi¬ 
tation  showed  an  interaction  of  tne  mechanical  ( cavitation-erosion)  and 
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-he  corrosive  (cavitation-corrosion)  load  (1)  .  Therefore  a  common  mecha¬ 

nism  of  attack  for  flow  cavitation  and  liquid  impact  was  again  called  into 
question  (2). 

In  the  following  time  the  initial  processes  of  material  damage  became 
more  and  more  important  (3)-  fay  intermittent  experiments  with  test  dura¬ 
tions  shorter  than  one  second  we  obtained  a  rather  exact  picture  of 
surface  Changes  caused  by  imploding  bubbles  (4).  Using  liquid  impact  we 
could  demonstrate  that  the  initial  processes  of  material  destruction 
were  caused  by  one  single  impact  (5).  Tnese  experiments  showed  the  iden¬ 
tity  of  material  destruction  in  the  microscopic  range:  the  erosive  part 
of  cavitation  caused  by  imploding  bubbles,  and  the  liquid  impact  caused 
by  tne  impact  of  a  spherical  or  cylindrical  liquid  volume,  on  a  plane 
surface  (o). 

Great  effort  is  needed  to  generate  single  bubbles  for  the  damaging 
of  material.  Tnerefore  the  partial  accordance  of  both  of  the  most  impor¬ 
tant  hydraulic  material  damages  -  cavitation  and  liquid  impact  -  led  to 
the  simulation  of  tne  initial  processes  of  destruction  in  cavitation 
through  a  single  liquid  impact. 

Test  equipment  for  discontinuous  liquid  impact 

In  discontinuous  working  equipment  a  liquid  volume  can  be  accele¬ 
rated  to  strike  with  nigh  velocity  a  specimen  surface  (7).  In  this  case 
the  kinetic  energy  of  an  air-gun  accelerates  the  liquid.  To  accelerate 
larger  volumes  or  to  reach  higher  velocities  one  can  use  small  guns  or 
even  90-mm  cannons  (8).  but  also  gases  or  liquids  under  high  pressure 
serve  as  a  source  of  energy  for  high-speed  liquid  jets. 

Another  method  consists  in  the  acceleration  or  specimen  to  strike 
against  a  liquid  volume  hanging  on  plastic  fibres  (9),  for  example,  or 
in  shooting  tnrough  a  rain  field  a  specimen  fasted  to  the  top  of  a 
rocket  (10).  both  of  these  test  methods  need  very  high  financial  and 
apparative  effort. 

Tne  conventional  liquid  impact  apparatus  allows  the  investigation 
of  the  effects  of  many  single  impacts  as  well  as  the  study  of  the 
effects  of  one  single  impact,  fay  tne  latter  method  we  obtained  signi¬ 
ficant  results  with  30ft  lead  and  soft  copper.  From  these  Laschimke 
deduced  the  theory  of  hydromechanical  damage  by  liquid  impact  (2). 
lie  described  a  test  equipment  for  one  single  impact  with  a  long 
rotating  arm. 

Test  equipments  for  continuous  liquid  impact 

These  include  test  equipment  generally  used  in  the  field  of 
"jet  cutting".  One  differentiates  between  a)  the  common  high  pressure 
equipment  working  with  hydraulic  pressure  intensifiers,  b)  pneumatic 
working  apparatus  not  reaching  high  pressures  like  that  of  a),  and 
c)  direct  working  test  equipment  with  maximum  pressures  lower  than 
tno3e  of  a)  and  b). 


1  -  Figures  in  parentheses  indicate  references  at  the  end  of  this  paper 
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Our  test  equipment 

For  the  investigation  of  the  effects  of  single  impacts  on  material 
we  have  built  a  water-gun  as  known  from  literature.  A  bullet  fired 
from  a  small-bore  gun  (0.22  inch),  see  fig.  1,  left,  accelerates  a 
liquid  volume  in  a  cylindrical  chamber  (fig.  1,  middle)  with  a  small 
bore  hole,  from  where  the  high-speed  jet  finds  its  way  to  the  specimen 
(fig.  1,  right).  Fig.  2  shows  the  result  of  such  a  jet  on  soft  pure 
aluminum.  The  radially  symmetric  plastic  deformation  waves  are  clearly 
to  be  seen.  These  deformation  waves  are  similar  to  those  caused  by  the 
implosion  of  one  single  cavitation  bubble  of  high  energy  near  a  solid 
surface  (4).  They  differ  only  in  size:  while  in  the  case  of  a  single 
liquid  impact  the  damage  has  a  diameter  of  some  millimeters,  depen¬ 
ding  of  tne  test  conditions,  in  the  case  of  cavitation  the  damage 
measures  only  some  percents  of  a  millimeter.  To  observe  the  effects 
of  many  single  liquid  impacts  we  make  use  of  conventional  appara¬ 
tuses  (11).  See  the  scheme  in  fig.  3.  We  varied  this  scheme  to  in¬ 
vestigate  the  effects  of  one  single  impact  as  well  as  the  effects  of 
liquids  atomized  in  a  nozzle.  Another  liquid  impact  apparatus  allows 
to  vary  the  liquid  temperature,  the  rotating  velocity,  the  gas  content 
of  the  liquid,  the  nozzle  diameter,  and  the  pressure  of  the  liquid. 

The  test  equipment  for  continuous  high-speed  liquid  jets  works 
directly,  i.e.  the  test  liquid,  generally  tap  water,  runs  from  the  pump 
through  a  metal-lined  hose  directly  to  the  nozzle.  The  nozzle  is  in¬ 
stalled  in  a  pistol  with  closing  device,  so  that  it  is  not  necessary 
to  stop  the  whole  apparatus  for  short-time  interruptions.  To  vary 
the  distance  between  nozzle  and  specimen,  the  pistol  can  be  moved 
on  a  rail.  The  pistol  with  the  closing  device  in  a  protection  box  is 
shown  on  the  left  in  fig.  4.  On  the  right  you  see  the  water  inlet 
with  the  pressure  gauge.  The  complete  test  equipment  is  enclosed  of 
a  protection  cover  to  avoid  accidents. 

Test  results 

When  a  continuous  high-speed  water  jet  strikes  a  plane  metal 
surface  tnere  are  contradictory  phenomena  to  observe.  When  the 
distance  between  the  nozzle  and  the  sample  is  very  short,  there  is  no 
damage  on  a  smooth  aluminum  sample.  With  increasing  distance  the  surface 
becomes  more  and  more  roughened.  In  a  certain  distance  this  roughness 
increases  rapidly  which  is  characteristic  for  the  actual  test  conditions. 
This  process  can  often  lead  to  the  complete  separation  of  the  sample. 

The  ineffectiveness  of  a  high-3peed  jet  on  a  plane  aluminum  surface 
at  short  distances  seems  not  cogent  because  the  energy  content  of  the 
jet  is  relatively  high.  Although  the  energy  decreases  with  the  distance 
from  the  nozzle,  high-speed  jets  at  longer  distances  show  larger  effects, 
even  the  separation  of  the  sample.  This  phenomenon  we  explain  as  follows: 
in  its  periphery  the  jet  scatters  into  little  drops.  This  scattering 
begins  only  in  some  distance  from  the  nozzle.  It  is  these  drops  that, 
we  believe,  have  the  destructive  power. 

The  single  drop  3tress  the  material  like  a  water-hammer.  They  pro¬ 
duce  a  more  or  less  great  roughness  depending  on  the  drop  diameter. 

Fig.  5  shows  the  outer  region  of  a  smooth  aluminum  sample  ‘in  a  high 
magnification.  Craters  are  clearly  to  be  seen.  In  a  scanning  electron 
microscopic  picture  one  can  see  the  same  details  in  topview  (fig.  6). 

The  similarities  between  the  forms  of  destruction  by  liquid  impact 
(fig.  6)  and  those  caused  by  cavitation  (fig.  7)  are  quite  evident. 


450 


Comparison  of ‘cavitation  with  liquid  impact 

In  addition  to  the  macroscopic  similarities  of  material  destruction 
caused  by  cavitation  and  that  caused  by  liquid  impact,  the  microscopic 
identity  of  the  shape  of  damage  is  given,  too  (3,  4,  5).  The  test  results 
of  liquid  impact  and  cavitation  are  similar,  too,  as  shown  in  the  fol¬ 
lowing  figures.  Fig.  8  demonstrates  the  weightloss  versus  time  curves 
for  pure  smooth  aluminum  loaded  by  liquid  impact  (curve  A)  and  loaded  by 
cavitation  (curve  B).  Both  curves  develop  similarly,  but  curve  A  shows 
the  higher  intensity  of  destruction  expressed  by  the  weightloss.  Fig.  9 
demonstrates  these  relations  on  pearlitic  lamellar  cast  iron.  Curve  A 
reflects  the  destruction  by  liquid  impact,  curve  B  that  by  cavitation. 

These  last  figures  clearly  show  the  advantage  of  the  use  of  liquid 
impact  over  that  of  cavitation  in  experiments  for  cavitation  resistance. 

The  advantage  lies  in  a  gain  of  time,  i.  e.  you  obtain  the  same  results 
in  a  much  shorter  time  with  liquid  impact  than  with  cavitation. 
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2:  Plastic  deformation 
waves  on  aluminum 


Fig.  1:  Test  apparatus  for  high 
speed  liquid  jet 


.icneme  of  the  liquid  impact 
apparatus, v-velccity  of  tne 
specimen,  v  -velocity  of  wat 
D-dpameter  3  of. nozzle, 
d-dj stance  specimen  -  nozzle 


4:  Pistol  for  continuous 
water  jets 


Fig.  5:  Aluminium  specimen  loaded 
by  high  speed  water  drops 


Pig.  6:  Aluminum  specimen  loaded  by  liquid  impact  (SEY) 


7:  Aluminum  specimen  loaded 
by  cavitation  (SEM) 


Weightloss  versus  time  for 
liquid  impact  (curve  A) 
and  for  cavitation 
(curve  a)  on  pure 
aluminum 


Weiehtloss  versus  time  for 
liquid  impact  (curve  A) 
and  for  cavitation  (curve 
d)  on  pearlitic  lamelar 
cast  iron 


New  testing  chamber  for  cavitation  erosion 
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Cavitation  damages,  known  since  the  end  of  the  last  century, 
are  simulated  in  several  types  of  test  devices.  All  of  these  are 
cnaracterized  by  the  generation  of  vapour  bubbles  resulting 
from  changing  channel  dimensions  and  the  imploding  of  these 
bubbles  with  increasing  pressure.  The  implosion  of  cavitation 
bubbles  near  a  surface  of  a  workpiece  may  lead  to  damage.  The 
testing  devices  are  classified  into  3  types.  The  different 
types  are  characterized.  Examinations  for  the  design  of  a  new 
testing  chamber  for  flow  cavitation  damages  are  discussed. 

Different  geometrical  and  hydromechanical  parameters 
leading  to  a  high  rate  of  erosive  damage  are  mentioned.  The 
influence  of  one  of  these  parameters,  the  distance  between 
the  two  barricades  called  "Wenr"  and  "Gegenwenr",  is  shown. 

Examination  to  define  the  inception  line  of  the  bubbles 
at  the  barricades  were  not  successful.  A  method  to  obtain 
reproducable  amount  of  damage  is  given.  The  chosen  cylindrical 
barricades  can  be  reproduced.  The  influence  of  their  roughness 
to  the  rate  of  damage  is  shown. 

Tne  new  testing  chamber  and  the  whole  test  equipment  is 
described. 

The  weightloss,  of  A.Tnco-iron  specimens  for  example,  gives  an 
idea  of  the  high  intensity  of  damage,  in  which  the  cavitation 
erosion  plays  the  dominant  part. 
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geometrical  and  hydromechanical  variations, 
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Since  the  end  of  the  last  century  damages  in  hydraulic  machinery  cau¬ 
sed  by  imploding  cavitation  bubbles  are  known. 

Their  simulation  in  special  apparatus  is  achieved  3ince  the  early 
thirties.  Apparatusses  for  flow  cavitation  are  characterized  by  the  gene¬ 
ration  and  implosion  of  bubbles.  The  generation  of  bubbles  is  caused  by 
decreasing  the  static  pressure  as  a  result  of  changing  channel  dimensions. 
When  the  pressure  increases,  they  will  implode.  These  implosions  on  the 
surface  of  a  workpiece  cause  the  cavitation  damages.  In  general  there 
are  three  sorts  of  them.  Between  these  ones  there  are  no  exact  borders, 
but  nevertheless  it  is  usefull  to  order  the  numerous  testing  apparatus 
into  tne  following  three  types. 

Type  1:  konvergent  -  divergent  double  nozzle 

Type  2:  chamber  with  barricades,  called  "Wehr"  and  "Gegenwehr" 

Type  3:  chamber  with  obstacle 

Fig.  1  shows  a  scheme  of  the  three  different  types  of  cnannels  for  in¬ 
vestigations  in  flow  cavitation. 

Type  1,  konvergent -divergent  oouble  nozzle 

Type  1  is  characterized  by  a  typical  profile  which  leads  to  the  genera¬ 
tion  of  bubbles  f.nd  to  tneir  implosion  always  close  to  the  wall  of  the 
chamber. 

The  intensity  of  the  damage  on  a  specimen  fixed  in  the  wall  depends 
on  several  geometrical  and  hydromechanical  parameters.  In  general,  the 
reserve  pressure  is  a  very  important  factor. 

The  test  section  may  be  a  rectangular  double  nozzle  (1,  2)  1  or 
a  circular  nozzle  and  diffusor,  separated  by  a  cylindrical  throat 
(3). 

Type  2,  cnamber  with  barricaaes 

Type  2  is  an  improvement  of  type  1  to  increase  the  damage  intensity  in 
oraer  to  shorten  test  duration.  This  type  is  characterized  by  barri¬ 
cades  called  "Wehr"  and  "Gegenwehr" .  The  purpose  of  these  barricades 
is  to  incept  tne  generation  of  bubbles  and  to  direct  them  on  to  the 
surface  of  the  workpiece.  In  general,  the  barricades  in  form  of  special 
profiles  are  put  into  rectangular  cnannel.  The  surface  of  the  specimen 
to  oe  tested  in  the  testing  cnamber  may  be  parallel  ( d )  or  in  a  right 
angle  to  the  inceptionline  of  the  bubbles  at  the  barricades  (5,  b). 
Chambers  of  tnis  type  were  mainly  used  in  the  thirties  and  forties, 
but  are  still  in  U3e  touay  (7). 

fype  3,  cnamber  with  ob stacle 

starting  point  for  this  type  were  fiow  channels  in  whlcn  obstacles 
ana  profiles  were  tested  in  tneir  cavitation  characterist  ics .  i'nese 


i  -  Figures  in  parentheses  indicate  the  references  at  tne  end  of 
tnis  paper 
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channels  can  also  be  used  for  testing  materials.  The  flow  cavitation  may 
cause  damages  at  the  obstacle  or  at  the  wall  in  which  the  specimen  is 
fixed.  This  last  type  is  mainly  used  today  (8,  9). 

In  the  following,  experimental  techniques  at  the  Institut  (B)  fUr 
Werkstoffkunde,  Tecnnische  Universit&t  Hannover,  to  investigate  flow 
cavitation  damages  will  be  described. 

In  all  of  tnese  tests  the  mechanical  erosion  caused  by  imploding 
bubbles  is  the  dominant  factor  of  cavitation  damage.  The  erosive  effect 
of  the  imploding  bubbles  leads  in  the  case  of  soft  materials,  e.g. ,  to 
a  deformation  of  the  surface  of  the  specimen  and  is  indicated  by  the 
resulting  changes  of  the  mechanical  and  physical  properties  of  a  cer¬ 
tain  material. 

Tne  corrosive  part  of  the  damage  is  without  influence  on  the  kine¬ 
tics  of  destruction. 

Primarily,  the  imploding  bubbles  close  to  the  surface  of  the  speci¬ 
men  are  responsible  for  the  destruction  of  material.  Therefore  these 
cavitation  bubbles  are  tne  principal  object  for  increasing  the  inten¬ 
sity  of  the  damage,  especially  in  our  apparatus  for  testing  cavitation 
damage. 

A  maximum  destruction  can  only  be  obtained  when  the  following  three 
conditions  are  satisfied: 

1.  A  great  number  of  cavitation  bubbles  has  to  be  produced. 

2.  Nearly  all  the  bubbles  must  implode  very  close  to  the  surface. 

3.  The  cavitation  bubbles  must  implode  with  high  energy. 

We  studiea  all  testing  chambers  for  flow  cavitation  in  litera¬ 
ture  under  tne  aspect  of  these  conditions.  For  our  first  tests  we 
chose  four  different  chambers.  On  the  results  obtained  we  based  the 
design  of  a  new  chamber,  which  showed  a  very  high  intensity  of  ero¬ 
sive  damage.  The  results  of  these  tests  proved  easy  to  reproduce. 

Fig.  2  shows  a  diagram  sketch  of  our  chamber  with  all  geometri¬ 
cal  and  hydrodynamical  variations. 

The  chamber  (type  2)  is  a  rectangular  channel.  The  bubbles  are 
caused  by  the  decreasing  pressure  of  the  fluid  as  a  result  of  two 
cylindrical  barricades,  called  "Wehr"  and  "Gegenwehr". 

Tne  following  parameters  can  be  varied: 

1.  inlet  pressure  p^,  i.e.  the  maximum  velocity  in  the  throat. 

2.  reverse  pressure  p,,  concerning  the  lifespan  and  therefore  the 
energy  of  the  bubble. 

3.  the  distances  s  between  the  barricades  which  form  the  throat 
of  the  channel. 

U.  tne  position  h  of  tne  specimen  which  determines  the  mean 

distance  from  the  line  of  generation  of  the  bubbles  to  the  place 
of  implosion  at  a  specimen  surface. 


5.  the  deflection  angle  en  of  the  water  -  bubble  stream. 

Placing  the  surface  of  the  specimen  parallel  to  the  inception  line  of 
the  bubbles  guarantees  a  maximum  damage. 

The  influence  of  the  geometrical  and  the  hydromechanical  parameters 
on  tne  intensity  of  damage  was  proved.  In  general,  the  intensity  of 
damage  will  be  expressed  by  the  weightloss  of  a  specimen  versus  testing 
time. 


The  influence  of  the  throat  of  the  channel,  i.e.  the  distance  s 
between  the  barricades  and  their  geometry  will  be  briefly  discussed. 

Great  differences  in  the  weightloss  led  to  further  tests  in  which 
buoble3  were  to  be  generated  at  a  definite  inception  line.  Therefore 
we  fixed  at  the  barricade  in  the  area  of  tne  decreasing  profile  a 
razorblade.  The  edge  of  the  blade  reached  into  the  channel  to  deter¬ 
mine  the  inception  line  of  the  bubbles.  With  regard  to  a  high-rate 
damage,  these  experiments  were  without  success.  We  tried  to  use  harde¬ 
ned  and  ground  needles  of  different  diameters  to  receive  a  definite 
inception  line.  These  tests  were  also  negative  when  the  bubbles  are 

fene rated  at  a  definite  line  on  the  barricades  boundary  layer  is  dis- 
urbed  in  this  region.  As  a  result  there  is  only  a  small  amount  of 
weightloss.  Besides,  the  lifespan  of  the  needles  was  less  than  50  h. 
The  load  resulting  from  the  generation  of  the  bubbles  led  to  a  corro¬ 
sion  attack.  Fig.  3  shows  these  typical  damages  after  100  h  testing 
time. 


As  a  result  of  these  experiments  we  chose  cylindrical  barricades. 

The  macroscopic  size  of  these  barricades,  i.e.  their  diameter  has  no 
significant  influence  on  the  weightloss,  so  that  their  dimensions  were 
mainly  determined  on  grounds  of  construction. 

however,  the  microscopic  eeometry,  i.e.  the  roughness  of  the  surfaces 
is  of  major  importance.  Fig.  4  shows  the  weightloss  versus  testing  time 
of  aluminum  specimens  in  tests  with  different  barricades. 

Tne  roughness  of  tne  barricades  reaches  from  0.5  ,um  up  to  6  .urn, 
tho..e  of  tne  tested  specimens  shall  not  be  discussed  at  this  point. 

With  increasing  roughness  tne  weightloss  decreases.  Roughness  or  more 
tnan  10  urn  leads  to  no  damage  of  the  specimen  in  a  convenient  testing 
time.  This  may  be,  in  some  cases,  of  some  importance  in  the  development 
of  hyaraulic  machinery. 

To  obtain  a  nigh  rate  of  damage  in  the  testing  chamber,  we  chose 
cylindrical  barricades  with  a  surface  roughness  less  than  2  ^urn. 

The  barricades  were  hard-cnromium  plated  and  polished.  The  lifespan 
of  the  cylindrical  barricades  was  3-5  months;  they  are  easy  to  repro¬ 
duce. 


At  the  two  barricades,  two  streams  of  bubbles  are  produced.  If  the 
distance  between  them  is  great  enough,  tney  are  separated  by  a  zone  of 
water  free  of  bubbles. 
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Fig.  5  shows  schematically  the  way  of  the  stream  in  the  chamber. 

The  streams  of  bubbles  which  are  generated  at  the  barricades  are 
numbered  1  and  3.  The  zone  of  water  separating  them  is  numbered  2.  The 
main  damage  of  the  specimen  is  caused  by  the  bubble  stream  1.  The 
stream3only  causes  traces,  but  no  measurable  weightloss. 

That  means  the  optimal  condi  tion  can  be  produced  at  one  stream  only. 

In  the  preliminary  tests,  the  barricades  were  placed  at  such  a  distan¬ 
ce  that  the  bubble  streams  were  parted  by  a  water  stream.  This  was  neces¬ 
sary  to  get  a  high  rate  of  damage. 

Fig.  6  shows  the  weightloss  versus  time  of  Armco-iron  specimens.  The 
test  parameter  is  the  distance  of  the  barricades.  An  increasing  distance 
leads  to  an  increasing  weightloss.  Distances  shorter  than  1  mm,  show  no 
measurable  weightloss  during  the  first  100  h  of  the  test.  With  increa¬ 
sing  distance,  the  influence  decreased. 

Fig.  6  gives  an  idea  of  the  high  rate  of  damage  of  the  new  cavitation 
chamber  and  the  important  influence  of  this  parameter.  Only  a  particular 
combination  of  all  the  parameters  brings  about  a  maximum  of  damage. 

Some  of  the  new  chambers,  shown  in  Fig.  7  are  in  use  at  different 
laboratories. 

The  new  chamber  for  erosive  flow  cavitation  damage  is  the  main  part 
of  the  cavitation  apparatus,  as  shown  in  Fig.  8. 

A  multistage  centrifugal  pump  sucks  the  test  fluid,  generally  tap 
water  which  has  been  partially  degassed  by  its  circulation,  from  a  con¬ 
tainer  lined  with  plastic  material.  The  pump  presses  the  water  into  the 
test  chamber. 

The  inlet  pressure  can  be  regulated  by  means  of  a  slide  valve.  The 
reverse  pressure  within  the  area  of  the  imploding  bubbles  can  be  regula¬ 
ted  by  the  slide  valve  behind  the  test  chamber.  The  water  then  returns 
to  the  container  via  a  by-pass.  To  maintain  temperatures  of  15  -  60°C, 
there  are  both  a  heating  and  cooling  device. 

To  prove  that  the  cavitation-erosion  is  the  main  part  of  the  damage 
in  this  chamber,  comparative  studies  to  chambers  of  low  damage  intensity 
were  made. 

Fig.  9  shows  the  results  of  tests  with  these  chamber.  The  test 
material  was  Armco-iron. 

Curve  5  describes  the  weightloss  of  a  specimen  in  our  new  chamber, 
temperature  of  liquid  20°C.  Curves  1  and  3  show  the  results  in  a  chamber 
of  low  damage  intensity  at  53  and  20°C.  In  this  case,  the  main  part  of 
damage  is  cavitation-corrosion.  This  can  be  avoided  by  cathodic  protection, 
which  results  in  a  decrease  of  weightloss,  see  curves  2  and  4. 

Curve  1,  in  comparison  with  curve  5,  gives  an  idea  of  the  high-damage 
intensity  of  our  new  chamber  in  which  cavitation-erosion  is  the  dominant 
part  of  damage. 
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Fig.  2:  New  chamber  for  testing 
flow  cavitation  damage,  (schemati¬ 
cally),  with  geometrical  and 
hydromechanical  variations 


Fig.  1:  Different  types  of  chambers 
for  testing  material  resistance 
against  flow  cavitation 


Fig.  3:  Corrosion  attack 
at  inception  line  of  bubb¬ 
les  (direction  of  flow 
from  bottom  to  top) 


Fig.  4:  Weigntloss  versus  testing  Fig.  5:  Way  of  flow  in  the 

time,  parameter:  roughness  of  barricades  testing  chamber,  (schemati¬ 
cally) 
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Corrosion-  and  Creep-  Induced  InsCablllty-Modellng 
of  Fatigue -Cracking  in  Various  Alloys 
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been  dedicated  to  celebrate  the  eightieth  birthday  of 
Professor  Karl  F.  Hersfald,  February  26,  1972 


Crack  propagation,  the  terminal  phaae  of  many  mechanical- 
strength  failures,  is  often  accelerated  by  environmental  corrosion 
effects.  Data  to  fully  characterise  such  effects  is  costly  to 
obtain.  Accurate  predictive  models  are  needed  to  provide  this  from 
economically  limited  data  collections.  In  this  modeling  attempt, 
stable  subcrltlcal  crack  growth  is  taken  as  a  means  of  maintaining 
a  state  of  plastic  flow  stability  at  the  crack  tip.  The  condition 
of  discretely  sised  crack  tip  micro-ligaments  (dj)  are  aasumed  to 
control;  they  are  strained  by  the  loading  of  the  crack;  tdien  the 
loading  ceases  their  stability  is  upset  by  creep  Induced  stress 
relaxation  and/or  by  envlronamntal  surface  corrosion;  it  is  restored 
to  equilibrium  by  an  increment  of  extra  straining,  tdiich  requires  an 
Increment  of  crack  growth.  The  amount  of  straining  required,  and 
thus  the  crack  growth,  is  estimated  from  ordinary  stress  strain 
curves  and  transient  creep  measurements  on  smooth  tensile  specimens. 
Stress  corrosion  and  fatigue  crack  propagation  data  on  some  dosen 
alloys,  from  the  literature,  is  examined  with  respect  to  uniaxial  and 
cyclic  flow  properties  measured  for  each.  The  correlations  are 
encouraging  and  suggest  that  a  one  parameter  (Vs)  characterisation 
of  environmental  effects  in  subcrltlcal  cracking  is  Indeed  feasible. 

Key  Words:  Fatigue  crack  propagation;  corrosion  fatigue; 
stress  corrosion  cracking;  threshold,  fatigue;  threshold 
stress  corrosion  cracking;  low  cycle  fatigue;  plastic  insta¬ 
bility  model. 


1.  Introduction 

In  traditional  engineering  methods ,  fatigue  is  treated  in  terms  of  the  S-N  diagram; 
stress  corrosion  in  terms  of  the  failure  time  to  stressed  smooth  specimens.  A  difficulty 
here  is  that  no  useful  distinction  can  be  made  between  cycles  or  time  to  initiate  a  crack, 
and  that  for  propagation  to  terminal  failure.  Experience  with  smooth  speclemns  usually 
shows  the  propagation  portion  to  be  relatively  short,  thus  hardly  worth  discriminating.  Yet 
increasingly  it  io  found  that  the  failure  life  in  realistically  constructed  engineering 
structures  is  largely  propagation  time.  For  example,  in  cyclic  flexing  of  typically  welded 
bridge  girders,  Fisher  et  al  (1)  find  that  most  of  the  life  is  expended  in  fatigue  crack 


^Figures  in  parentheses  indicate  the  literature  references  at  the  end  of  this  paper. 
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propagation;  a  nil  portion  In  Initiation.  Tha  reason  appaarc  to  ba  that  tha  atraaa  iden¬ 
tity  thraahold  for  fatlgua  propagation  la,  aftar  far la  and  Buccl  (2),  ao  low  that 
undetectably  email  crack-llka  flaw*  can  In It lata  growth.  Tha  thraaholda  ara  further  raducad 
by  alevated  naan  atraaa,  tha  ordinary  condition  of  voided  atructurea.  Once  a  crack  haa 
grown  to  a  larger  alaa,  greater  than  that  for  tha  thraahold  of  atraaa  corroalon  cracking, 

Mayn  (3)  haa  ahown  that  corroalon  effacta  can  greatly  accelerate  lta  "progreaa". 

However  wall  wa  know  thaaa  generalltlaa,  acquiring  data  on  apaclflc  material ,  loading 
■pectrua  and  apatlal  environment  cowblnatlona  la  coatly  and  time  conaumlng.  Progreaa  could 
be  aarvad  by  accurate  predictive  aodele  which  paralt  acant,  thua  economical  data  collactlona 
to  ba  extrapolated,  Thla  paper  repraaenta  an  attanpt  to  eatabllah  auch  a  modal.  It  follova 
an  Idea  propoaed  by  Landaa  and  Hal  (4)  that  creep  lnduceo  flow  can  Induce  tanaila  lnatablllty 
at  a  crack  tip,  and  thua  crack  growth.  It  expanda  a  eubaequent  attempt  (S)  to  apply  thla 
concept  to  tranalent  creep  In  cyclic  loading. 

2.  Craep-corroelon  Induced  lnatablllty 

Before  conalderlng  how  creep  and  corroalon  can  Induce  tenalle  lnatablllty,  It  la  well 
to  recall  how  ordinary  tenalle  ex  tana Ion  brlnga  It  about.  An  lnatablllty  may  occur  at  the 
point  In  tenalle  loading  at  which  no  further  lncreaae  In  load  P  la  required  to  continue  the 
deformation;  It  la  the  max  team  load  point,  or  ultimate  tenalle  atrength,  or  "necking"  atraln, 
of  the  familiar  tenalle  teat.  If  we  normallae  thla  load  over  the  aupportlng  aectlonal  area  A 


P-oA  (l) 

where  o  la  true  atreaa,  a  function  of  atraln  c,  then 


dP 

dc 


a  &  4  A— 

da  Ade 


(2) 


The  ratio  of  the  areal  atraln  differential  dA/A  to  that  of  longitudinal  atraln  d l/l(«  dc)  la 
proportional  to  Polaaon'a  ratio  v,  dA/dc  «  -2vA.  Dei Ignat log  tha  true  atraln  hardening  rate 
aa  8,  the  condition  for  tenalle  lnatablllty,  dP/da  -  0,  be come  a 


-S’  -  2v  -  1  (3A) 

5 

for  Incompreaalbla  plaatlc  flow  where  v  -  0.5.  Wllllaau  and  Turner  (6),  and  Claualng  (7) 
have  argued  that  the  lnatablllty  of  material  cloae  to  a  crack  tip  will  be  Influenced  by  tha 
locally  trlaxlal  atreaa  atate<  The  way  of  eatlmatlng  thla  effect  from  almple  tenalle  date 
aa  propoaed  by  Sacha  and  Lubahn  (8,9)  la  employed  here,  where  for  tha  maximum  effect  of  trl¬ 
axlal  ltyy  the  lnatablllty  la  auppraaeed  until  the  true  atraln  hardening  rate  V  haa  decreaaed 
to  the  point  where 

|  -  1/2  (3B) 

o 

Thla  meana  that  tha  etraln  for  fully  trlaxlal  lnatablllty  la  larger  than  that  for  uniaxial 
tana  Ion  of  eq.  3A,  for  which  f/o  -  1. 


Since  tenalle  atreaa-atraln  curvea  are  experimentally  obtained,  It  la  convenient  to_ 
expreaa  tha  lnatablllty  condition  In  terma  of  tenalle  meaaureamnta.  Specifically  1  f  o  ■  o 
(l-«  )  where  o_  *  P/A  la  tenalle  atreaa  and  «_  *  —  M/A  -  Al /I  la  tenalle  atraln,  then 
differentiating  o_  with  reaped  to  e^,  and  letting  6/o  -1°  the  unfaxlal  lnatablllty  condition 
correapondlng  to  eq.  (3A)  becomea  } 


(4A) 


The  trlaxlal  lnatablllty  limit  correapondlng  to  eq.  3B  becomea 


<4B) 
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In  calculations  for  ordinary  alloys,  t  below  tha  tonsils  Instability  strain  Is  practically 
negligible  compared  to  fl_/o_,  end  thus  lias  been  neglected  so  that  the  Instability  condition 
can  be  suasarlied , 

8_  8  »  0  uniaxial 

ST  +  >  “  0;  (4) 

T  S  -  1/2  trivial 

On  tha  sl^le  tensile  curve,  the  triviality  effect  delays  tha  Instability  until  tha  slope 
Is  decreasing  with  strain  at  a  rate  of  -0_/2.  In  naterlals  exhibiting  a  "flat  top"  tensile 
stress-strain  curve,  as  in  two  weldable  high  strength  steels  and  one  alld  steel  to  be  dis¬ 
cussed,  this  delay  has  a  substantial  effect  In  forestalling  fast  fracture  Instability. 


If  tensile  straining  Is  Interrupted  short  of  the  point  of  tensile  Instability,  as  at 
a  crack  tip  cycled  to  a  It,  level  less  than  K_  (l.e.  subcrltlcal),  the  load  carrying  capa¬ 
city  of  a  tensile  llgaamnt  will  tend  to  decrease  due  to  transient  creep  relaxation.  This 
occurs  In  ordinary  aatals  even  at  room  temperature .  In  addition,  If  the  environment  la 
corrosive,  tha  reduction  In  cross  section  by  surface  attack  will  have  a  similar  affect.  As 
both  effects  are  time  dependent  It  Is  necessary  to  express  the  Instability  condition  In 
timewise  coordinates,  whence  eg.  2  becomes 


(5) 


In  tension,  the  left-hand  tans  of  aq.  S  represents  strength  loss  due  to  sources  of 
areal  diminution;  tha  right.  Increases  due  to  strain  hardening  but  decreases  due  to  creep. 
Specifically,  the  areal  diminution  due  to  Poisson  contraction  Is  expressed  as  A(dc/dt),  while 
that  due  to  a  corrosion  rata  V.  (typical  units  nils/year.  In. /sec.,  mlcrons/sec.)  Is  nd_V 
where  d^  Is  the  ligament  diameter. 


The  stress  relaxation  at  constant  strain  Is  measured  directly  In  these .experiments, 
rather  than  converted  from  a  measured  strain  rata  sensitivity,  m  ■  din  a/ din  c,  as  In  the 
earlier  fatigue  modeling  attempt  (5).  The  transient  creep  can  be  characterised  by 

■  *  -  ■  constant  (6) 

where  o_  Is  the  measured  (decay  In)  tensile  stress  as  a  function  of  time  t  after  sudden 
arrest  of  the  straining  machine.  For  relatively  short  hold  times  of  the  fatigue  cycle,  the 
stress  relaxation  is 

W  *■  m  «T  ^  (7) 

where  At  Is  the  dwell  time  at  peak  load  and  t  Is  At  plus  tha  loading  time  t^,  Figs.  1  and  3. 


The  rationale  for  converting  between  measures  of  strain  rata  and  creep  relaxation 
sensitivities  is  repeated  here  from  the  earlier  paper  (5)  for  coeqp lateness,  Fig.  1.  Con¬ 
sider  the  time  required  to  traverse  a  path  In  stress  strain  space  to  a  fixed  strain  c  at  two 
different  strain  rates,  arriving  there  with  a  stress  difference,  An,  approximated  by 

AO  -  wP  4*  (8) 

Subatltutlng  ^  ■  e/tj,  c ^  -  c/t^  and  At  » 


and 


AO  is  C 


«/tj  -  t/tj 

t/t, 


(9) 

(10) 


where  At  •  (t.  -  t.)  may  be  regarded  as  the  dwell  time  at  load  relative  to  the  total  loading 
plus  dwell  tine  t,*  t.  For  sinusoidal  fatigue  loading  At/T  would  be  roughly  1/3,  for  a 
square  wave,  1.0,  and  for  typical  waveforms,  somewhere  between  thesj  limits. 


Substitution  now  of  the  aforenoted  sources  of  strengthening  and  of  weakening  In 


the  timewise  Instability  aquation  (Eq.  5) 


whanca 


dT#  £  +  "Vs)  ’  7  V  (®  dt  *  T1) 


/4V,At 

+  .£t\ 

A 

'  «T 

+  *T  ) 

V* 

*7 

(U) 

(12) 


where  tha  trlaxlallty  factor  1-0  for  thin  ahaat,  and  t  -  1/2  for  thick  sections.  The  In¬ 
stability  conditions  ars  expressed  In  tarns  of  tha  equilibrating  strain  Increment ,  be  of  Fig. 
1,  for  Its  convenient  conversion  Into  the  crack  extension  required  to  cause  It,  now  to  be 
discussed. 


3.  Crack  tip  plasticity  nodal 


Tensile  strain  at  the  crack  tip  is  concentrated  by  the  strain  singularity  effect. 

The  form  of  this  singularity  affects  both  the  nagnltude  of  the  strain  as  well  as  Its  gradi¬ 
ent  In  distance.  Tha  Units  of  possible  singularly  strength,  Fig.  2,  range  from  the  staple 
Elastic  Analogue  (EA)  of  Inverse  half  power,  to  the  KcCllntock  (10)  node  III  shear  Plastic 
Analogue  (FA)  which  Is  of  Inverse  first  power  of  distance  Into  the  notarial  r.  A  tendency 
toward  a  stronger  singularity,  particularly  when  the  plastic  tone  Is  large,  aid  the  strain 
hardening  rate  is  low,  is  Indicated  fron  analyses  of  Swedlow  and  Wllllaos  (11),  Alee  and 
Rosengren  (12)  and  Hutchinson  and  Hilton  (13).  On  tha  other  hand, experimental  measurement 
of  Liu  (14)  and  of  Kendall  and  Underwood  (13)  Indicate  a  persistence  of  the  weaker  half- 
power  singularity  and  present  results  show  little  reason  to  assume  otherwise.  Tentatively 
then,  present  calculations  are  based  on  the  slsqpla  elastic-analogue  strain  singularity, 

s  -  Kj/I  /5"r  (13A) 

where  K.  Is  the  stress  Intensity  factor  (vs /"(£“ ),  g  !■  Young's  ssodulus  of  elasticity,  and, 
as  noted  earlier,  r  Is  distance  froai  tha  crack  tip  Into  the  unfractured  material. 

Rather  than  sons  average  effect  of  tha  entire  field.  It  has  been  found  useful  to  as- 
suna  a  constant  strain  level  within  e  fixed  snail  region,  very  close  to  tha  crack  tip, 
Idealised  as  row  of  tiny  tensile  ligaments  of  a  characteristic  disaster  d  .  The  degree  of 
llgaawnt  extension  In  the  first  (quarter)  cycle  of  loading  Is  taken  then  is  slaply 

*T  -  Kj/E  /2Tid^"  (13B) 

In  subsequent  cycles  of  loading  AK,  sons  of  the  K-lnduced  excursion  In  tensile  strain  will 
be  lost  In  the  obstruction  to  crack  rocloslng,  and  thus  to  d_— llganent  full  strain  reversal, 
due  to  tha  residual  crack  tip  plasticity.  A  characterisation  of  this  effect  will  be  discussed 
1 r  the  next  section;  suffice  It  here  to  define  Its  nagnltude  as  «R  whence 

d«T+*R  -  AK/E  /2^  (13C) 


The  straining  of  d_-llgaasntt  resulting  fron  the  approach  of  the  crack  tip,  at  con' 
stent  loading  (KI),  Is  a  function  of  the  local  strain  gradient.  In  prior  attespts  to  ex¬ 
plain  constant-Ksubcrltical  fracturing  (16),  this  gradient  was  taken  as  the  non-sero  por 
tlon  of  the  derivative  of  the  strain  singularity 


or 


(14) 

(14A) 


where  for  "gradient  strain",  represents  the  K  -  proportional  strain  level  (fron  eq.  13B) 
existing  at  r  •  d^.  Substituting  In  eq.  12,  the  growth  rate  becomes 
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"  «C\ 


At  +  2  ■  d, 


^“)(H 


In  tha  attest*  to  natch  sat*  of  da/dM  vs  AK  data  for  fatigue  crack  propagation  with 
the  predicted  values  froa  aqs.  IS  and  13,  the  Invars*  affect  of  tha  1/e  factor  appears  too 
strong  If  «-  Is  taken  equal  to  *  .  Furthermore,  In  recant  stress  corrosion  crack  velocity 
data  (18)  tK*  K-proportlonal  «  affect  also  appears  too  strong.  Thirdly,  with  the  effect 
(S),  the  fatigue  growth  rate  should  decrease  with  Increasing  Man  a  trees,  or  stress  ratio  k, 
while  the  reverse  Is  generally  observed  (18).  All  of  these  Inconsistencies  disappear  If  we 
regard  the  gradient  strain  «_  as  a  constant  of  a  Material,  Indicative  of  a  constant  value  of 
the  strain  gradient  In  the  near  field  of  the  crack  tip  Independent  of  the  K.  level.  The 
trend  In  values  of  t.  will  be  seen  fro*  the  data  to  be  reasonable,  though  lacking  for  the 
present ,  theoretical6 just If lcat Ion . 

4.  Effect  of  Man  streas  In  fatigue 

It  la  evident  froa  work  of  Hartman  and  Schlv*  (20)  and  of  Griffiths,  Mogford,  and 
Richards  (21)  that  the  overall  effect  of  Increased  Man  stress  Is  an  Increase  In  crack  growth 
rata  relative  AK.  Recent  results  of  Paris  and  Buccl  (22)  have  shown  this  effect  to  be  magni¬ 
fied  at  vary  low  AK  levels,  where  the  sero  growth  AK-threshold  Is  markedly  Increased  with  R. 
The  R-effect  can  be  associated  with  the  effect  of  the  crack  tip  unloading  blockage.  Once  a 
crack  Is  Initially  tensioned,  unloading  cannot  fully  compress  the  plastically  extended  near- 
tlp  enclave  to  Its  original  sis*.  The  Importance  of  this  effect  has  bean  argued  by  Paris 
(23),  and  Rice  (24)  and  substantiated  by  experimental  results  of  giber  (23). 

A  model  for  astlMtlng  the  magnitude  of  tha  R  effect  In  view  of  tha  Instability  sndal 
Is  Illustrated  In  Fig.  3.  It  Is  cannon  experience  that  the  crack  opening  dlaplacaMnt  of  a 
precracked  specimen  returns  short  of  Its  origin  upon  unloading.  For  a  given  Mtarlal,  this 
COD  shortage  tends  to  be  a  constant  value,  relatively  Insensitive  to  the  maxlw  K  level. 

We  would  assuM,  as  first  approximation,  this  behavior  imaged  In  the  strain  at  d  ,  Fig.  3, 
leaving  a  characteristic  residual  «...  Whan  the  maximum  K  Is  Increased  for  the  lame  AX 
(right  hand  eld*  of  Fig.  3)  only  a  part  of  c  proportional  to  tha  degree  of  unloading.  Is 
felt,  so  for  given  AK  a  larger  cyclic  strain  excursion  Is  experienced  In  tha  d  llgSMnt 
(lower  part  of  Figure  3).  The  larger  strain  excursion  results  In  a  decrees -d  terminal  value 
of  applicable  8  (*),  which  via  *q.  13,  Involves  a  greater  crack  growth  Increment  Aa.  Froa 
these  considerations,  the  simple  form  of  for  use  in  Eq.  (IX)  Is 

«R  -  d  -  R)Vo  <“> 

The  value  of  t  should  be  larger  for  softer  materials ,  and  likely  reflected  by  tha  "hystere¬ 
sis"  loop  In  lead  vs  COD  records  for  Initially  precracked  specimens.  In  present  results  It 
Is  arbitrarily  assigned  such  value  as  yields  a  best  fit  of  the  data. 

Another  empirically  justified  adjustMnt  la  tha  *(at  d  )  to  K_  relationship  Is  the 
effect  of  trlaxlal  stress  upon  the  yield  surface.  The  onset  of  stress  corrosion  cracking 
sensitivity  Is  reasoned  dependent  on  the  forratlon  of  d_-llgsMnts.  Using  elastic  stress 
field  equations  and  a  Tresca  yield  condition  (16)  this  Requires  the  K  level  to  be  augMnted 
by  a  trlaxlallty  factor. 

#  TF  -  1/1-2V  (17) 

where  v  is  the  Poisson  ratio.  Mulherln  (16,26)  associates  the  presence  of  this  beneficial 
effect  with  the  occurrence  of  a  coherent  precipitate  phase  In  non-ferrous  alloys,  as  In 
aluminums,  a  brass  and  titanium  alloy;  Its  absence  with  the  non-coherent  carbide  precipi¬ 
tate  of  steels.  Present  results  tend  to  corroborate  this  rule,  as  will  be  apparent  later. 

3.  Fracture  flow  dlagrM  construction 

The  manner  of  converting  the  stress  strain  curvet  to  a  prediction  of  subcrltlcal 
crack  propagation  behavior  Is  displayed  In  Fig.  4.  The  derived  curves  (6-/0 -48)  ’l  ”*  *T 
appears  at  the  top  half  of  Fig.  4.  The  first  cycle,  or  simple  tension  relulC,  Inflects1 
sharply  as  a  result  of  first  cycle  yield  point  behavior.  The  trlaxlallty  factor  TF  will 
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offset  th«  aarly  elastic  (v  <  0.3)  portion  of  this  curvs  to  ths  right  by  a  constant  factor. 
Tha  basic  derived  cyclic  curve ,  Is  offsat  by  tha  R  affact  strain  blockage  c  rathar  than  by  a 
conatant  factor  TV.  This  gives  tha  appaaranca  of  a  larger  (relative)  offaet  at  low  c  leva la, 
lncraaalng  tha  (log)  slope  of  the  predicted  curve. 

The  extras*  lover  Halt  or  threshold  of  fatigue  grovth  la  taken  to  correspond  to  the 
elastic  proportional  lladt  of  the  cyclic  stress  strain  curve.  This  strain  increment,  as 
smesured  from  tha  aero  stress  axis  of  the  total  cyclic  curve, aust  Include  the  elastic 
coapresslve  portion  of  the  hysteresla  loop,  calculated  froa  the  tensile  stress  excursion 
Halts,  as  a^/E,  so  that 


«T  -  A*  +  ct/E  (18) 

In  the  elastic  range  then,  e  -  2o Ji,  vhereaa  the  ordinate  "flow"  plot  la,  froa  Eq.  IS, 
essentially  »_/E ,  directly  proportional  to  «_,  l.a.  equal  to  *j/2.  The  log-log  plot  of  thla 
Is  a  1:1  slope  of  constant  ratio  X:Y*2: l.  This  43*  line  breaks  sharply  upward  at  a  strain 
corresponding  to  tha  elastic  Halt.  For  strains,  vls-a-vls  AX,  In  fatigue  below  thla  point, 
tha  growth  rata  does  not  follow  tha  43*  line  but  goes  to  taro  because  the  stress  relaxation 
(a)  becoaas  saro  for  elastic  deformation. 

The  corresponding  43*  toe  region  for  the  first  cycle  curve,  germalne  to  stress  corro¬ 
sion  cracking  and  creep,  la  on  a  X:Y-1:1  line  when  longitudinal  stress  strain  curves  are 
employed  and  on  a  X:Y  -  l/2v;l  1.6:1  for  present  data  where  dlasetral  strain  was  smasured, 
and  the  strain  (but  not  6^)  corrected  to  longitudinal  values 

«T  -  A«  +  ct/M  (19) 

where  1/M  ■  1/E  -  1/8  ,  6  being  the  dlaamtral  (areal)  tensile  elastic  modulus.  Since  the 
stress  corrosion  crac8lng°la  corrosion  rata  (V.)  dependant  rather  than  creep  (a)  dependent, 
the  1:1  elastic  Halt  line  need  not  signal  a  threshold  of  SCC  crack  growth  and  there  Is 
slight  evidence  In  present  results  to  suggest  this. 

The  top  end  of  the  derived  curves.  Fig.  4,  represents  "Halt  loading"  conditions. 

For  tha  first  cycle  the  (trlaxlal)  instability  point  should  correspond  to  K.  .  In  the  cyclic 
raault,  there  Is  evidence  that  uniaxial  (g  -  0)  Instability  pertains  to  thlflCsheets.  If  the 
tensile  curve  la  of  relatively  flat  top,  a  "hesitation”  shelf  at  an  ordinate  value  of  about 
2  (1.  a.  at  the  ultimata  tensile  strength  where  6.  ■  0,  than  (6_/o  +  1/2)  1  ■  2)  will  fore¬ 
stall  the  terminal  Instability.  This  can  be  a  bafleflclal  effect  lfi  soae  materials,  as  will 
be  seen  In  results  to  follow. 

6.  Specimen  material  and  experimental  procedure 

The  criteria  of  alloy  selection  Included:  1)  existence  of  a  sufficient  range  of.  sub- 
critical  crack  propagation  data;  2)  availability,  to  the  authors,  of  Identical  fracture 
specimen  swterlal  for  tensile  specimens;  and  3)  variety  of  material  to  typify  a  good  range 
of  structural  alloys.  Compositions  and  mechanical  properties  are  collected  in 
Table  I,  along  with  some  of  the  results  of  the  study.  They  conqirlie  thirteen  alloys:  one 
carbon  steel,  two  stainless  steels,  four  quenched  and  tampered  steels,  one  mar aging  steal, 
two  titanium  alloys,  and  three  alialnum  alloys.  In  oust  cases  the  tensile  coupons  were  cut 
from  pieces  of  actual  fracture  specimens  or  the  sane  plate  stock. 

The  tensile  speclaens  were  made  small  to  allow  their  fabrication  from  the  oft-tlaae 
small  fracture  spec imen  residuals:  0.170  in.  diameter  by  0.500  in.  long  test  section,  with 
1/2  In.  20  threade/in.  (NF)  ends.  A  uniform  non- tapered  test  section  was  utilised.  When  less 
than  1/2  inch  stock  was  available,  partial  threads  were  employed.  The  4340  specimens  were 
smaller J  0.100  D,  with  1/4-28  (IF)  ends. 

The  specimens  were  etralned  In  a  small  hydraulic  testing  machine,  described  else¬ 
where  (27),  fitted  with  an  allgnamnt  subpress  to  minimise  the  buckling  tendency  In  compres¬ 
sion.  A  diametral  bl-lobed  clip  type  gage  was  Instrumented  with  electric  resistance  foil 
gage  transducers,  which  with  the  load  signal  was  recorded  with  a  Hewlett-Packard  X-Y  recorder. 
The  Tektronit  Q-type  strain  gage  preamplifiers  eaployed  proved  stable  enough  for  the  ex¬ 
tremely  high  gains  required  for  the  stress  relaxation  measurement . 


The  stress  relaxation  rat*  vu  a* Murad  by  quickly  locking  the  testing  sac h in*  head 
and  (manuring,  with  grip*  thus  "fixed",  tha  stress  decay.  Q-unit  smpllf ler*  rebalanced, 
the  gain  was  lncraased  10-fold,  tins  narks  fro*  a  Tektronls  1S1  nark  generator  superim¬ 
posed  at  1  sec.  Intervals  until  5  seconds  after  machine  arrest,  thence  at  S  second  intervals 
until  the  decay  in  a  5  sec.  Interval  becomes  too  snail  to  discrlnlnate  on  the  chart.  Some 
of  the  records  (Mgs.  10-20)  show  actual  decay  traces.  A  plot  of  average  values  for  each 
of  the  alloys  is  shown  in  Mg.  5.  The  n  value  is  calculated  fron  the  slope  of  the  linear 
Ao_  vs  log  t  plot  using  aquation  (7)  in  tha  fora 
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A  linear  stress  vs  log  tins  plot  is  permissible  for  the  characteristically  small  values  of 
n  of  ordinary  alloys.  The  n  values,  or  slope  AO/Alog  t,  was  found  to  ba  constant  in  most 
cases,  but  for  cases  where  it  decreases  with  time,  n  values  for  both  1  sec.  and  10  sec. 
slope  values  are  recorded  in  Table  I.  The  n  values  are  reproducible  with  +  5X. 


In  the  presentation  of  data  to  follow,  tha  figures  art  sequenced  in  the  order  of 
Table  I  and  Fig.  5  to  retain  the  categorical  ordarlng  of  alloys.  The  coordinate  seals 
ratio  of  each  fracture  data  plot  is  the  same  as  that  (nibllshe^  employed  by  the  authors  of 
the  data  set,  not  all  1:1,  as  it  is  easier  to  re-scale  tha  flow  derived  curves. 


7.  A533  type  B  class  I  pressure  vessel  steel 

The  intensive  research  to  which  this  notarial  has  been  subjected  stems  fron  its  im¬ 
portance  as  a  nuclear  reactor  power  plant  heavy  wall  pressure  vessel  naterlal.  Specimens 
were  cut  from  the  12  in.  thick  plate,  the  center  region  being  of  fairly  uniform  properties. 
Fatigue  tests  on  1,  2,  3,  and  4  inch  CTS  specimens  were  undertaken  by  Clark  (28)  while  on 
thinner  0.2  inch  as  well  as  1  inch  specimens,  Paris  and  Buccl  accomplished  the  feat  of 
establishing  the  low  growth  rate  region  looking  for  growth  thresholds  with  respect  to  the 
stress  ratio  k.  The  results  reported  by  Paris,  Buccl,  Vassal,  Clark  and  Major  (29), 
abbreviated  VFMBC,  provide  a  striking  resolution  of  tha  effect  of  stress  ratio  on  tha 
growth  threshold. 


The  Fracture-Flow  diagram  of  tha  WPMBC  data,  Fig.  6,  is  coded  to  distinguish  the 
six  stress  ratios  and  two  thickness  ranges  employed.  Tha  actual  stress  strain  records,  one 
of  several  similar  tast  results,  is  inset  along  with  thus-derived  predictive  flow  curves. 

The  first  cycle  stress  strain  curve  shows  the  characteristic  upper  yield  point  followed  by 
a  strain  hardening  rata  sufficient  for  a  high,  about  17X,  strain  for  simple  tensile  insta¬ 
bility.  Tha  first  cycle  instability  strain  is  in  reasonable  correspondence  with 
measured  values  of  KJc  (30.31). 

Tha  cyclic  strain  excursions  showed  a  rather  steady  form  below  about  61  extension, 
but  thereafter  a  progressive  decrease  in  range  of  tensile  stability.  Tha  sacond  and  third 
cycle  shapes  are  believed  to  best  charactarlss  tha  crack  tip  material  ductility  as  the  fourth 
cycle,  displaced  downward  10  ksl  on  the  record,  appears  curtallsd  by  Imminent  necking  and 
rupture;  the  second  cycle  result  is  shown.  Tha  flatness  of  ths  tonsils  curves  developed  In 
these  cycles  has  the  effect  of  causing  a  large  separation  between  uniaxial  and  trlaxlal 
mechanical  instability  points.  Both  second  and  third  cycle  curves  predict  a  plana  strass 
growth  rata  infinity  in  good  correspondence  with  the  thinner  plate  results  of  Paris  and 
Buccl.  With  the  trlaxlal  correction,  B  of  Eq.  15  equal  to  0,5,  both  shift  to  the  right  to 
bracket  tha  thick  sections  results  of  Clark.  Thera  is  some  questionable  overlap  here,  as 
the  Paris  and  Buccl  data  on  one  in.  thick  specimens  follow  ths  thin  sheet  prediction  in  Fig. 
6,  while  that  of  Clark,  the  thick  plate  prediction. 

The  lower  end  of  the  predictive  curve  permits  an  assessmsnt  of  the  stress  ratio  (R) 
effect  for  the  A533B.  Values  of  the  (.-addition  required  for  best  fit  of  the  data  were 
Judged  fron  a  master  plot  with  a  set  of  equally  graded  «  ■  0.0010  offset  increments.  Of 
the  values  shown,  0.0020  is  best  fit  for  R  »  0.8,0.0033  lor  R  *  0.5,  and  0.0060  for  R  ■  0.1. 
These  along  with  the  remaining  data  fits  are  cross  plotted  in  Fig.  7,  showing  a  reasonable 
proportionality  of  «_  to  1-R  as  per  Eq.  16  end  Fig.  3  indicating  a  value  of  (..  of  about 
0.0066  for  this  alloy.  The  overall  fora  of  the  reference  curve,  as  derived  from  tha  stress 
strain  curves,  can  be  reproduced  from  Independent  test  and  record  msasureamnts  to  about  + 

5X  in  either  coordinate.  After  its  correction  for  R  effects,  the  degree  of  correspondence 
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with  the  WPMBC  data  la  encouraging. 

The  procedure  which  waa  uaed  for  calculating  the  "diapcaable"  parameters  d  and  t 
Implied  by  the  matching  la  typified  here  with  the  A533B.  A  convenient  reference  point  on 
the  flow  diagram  la  choaen.  With  English  units  used  for  the  working  sheets,  tha  coordinate 
e  *  1000  kal/  /2"  E,  and  (8_/o +B)"r  »  1.0  was  marked.  At  match  with  the  da/dN  ve  AK  data, 
tM  corresponding  value  of  AK  yields  <L  from  Eq.  13:  i.e.  /dT  ■  AK/E  /zn  e  -  AK/1000;  dT  “ 

AK  h  In.  Por  the  a.  values,  through  eq.  13,  assume  a  typical  loading  cycle  At/T  •  1/2, 
whence  a  ■  a  d  /da/an(ref).  The  m  value,  taken  from  data  as  shown  In  Pig.  5  and  Table  I 
la  used.  If  ltTls  not  constant,  *.  corresponding  to  both  1  second  and  10  second  m  values 
la  recorded,  then  cross  plotted  against  the  first  cycle  ultimate  tensile  strength  In  Pig. 

8.  The  match-determined  value  of  d  is  marked  on  the  growth  rate  scale  of  each  "Fracture- 
Plow"  diagram,  and  recorded  In  Table  I. 

8.  316  and  304  stainless  steel 

From  the  studies  of  effects  of  high  temperature  neutron  Irradiation  environments  by 
James  (32)  and  by  Shahinlan  (33),  the  room  temperature  data  are  examined  In  Pigs.  9  and  10. 
Tha  extraordinary  strain  hardening  capacity  of  these  solution-annealed  alloys  Is  evident 
from  the  cyclic  stress-strain  curves,  Inset  in  the  Fracture-Flow  diagrams:  first  cycle  In¬ 
stability  strains  are  of  the  order  of  40  to  50%,  which  with  the  Indicated  d  value  would 

swan  a  K  of  400  to  500  ksl  /  In.  (or  MNra'*  ),  totally  unmeasurable.  The  equilibrium  cyclic 

lnstablllfy,  though  still  high.  Is  grsatly  reduced.  The  c  shift  of  0.008  (i.e.  c  - 
0.0089)  for  the  316,  and  0.007  for  the  304  brings  the  prediction  Into  close  correspondence 
with  data.  These  high  values  of  c_  are  not  unreasonable  In  view  of  the  Initial  softness  of 
these  materials:  a  relatively  low  elastic  field  outside  the  yield  tone  will  be  available  to 
recompress  the  cycllcly  hardened  crack  tip  region.  Like  the  A533B  carbon  steel,  the  "flat- 
top"  cyclic  stress  strain  curves  of  these  alloys  leads  to  prediction  of  a  large  separation 
in  AK  between  plane  stress  and  plane  strain  conditions.  However,  since  the  alloys  are  so 
soft  and  tough,  and  raraly  used  In  thick  sections,  It  Is  unlikely  that  the  plane  strain 
"bonus"  will  be  realised  In  practice  nor  Is  It  Indicated  In  the  fatigue  data. 

Tha  values  of  the  gradient  strain  «  needed  to  match  predictions  to  date  are  seen  In 

Pig.  8  to  be  atyplcally  low;  in  other  words  the  fatigue  crack  propagation  rate  Is  un¬ 
expectedly  high.  Some  of  this  may  be  attributed  to  the  non-uniform  rate  of  stress  relaxa¬ 
tion,  Pig.  5,  as  tha  one  second  m  value  Is  about  50%  greater  than  the  10  second  value. 

This  suggests  a  sensitivity  of  cyclic  growth  rate  to  cyclic  frequency,  with  the  atyplcally 
high  rate  for  high  frequency.  Jamas'  result  on  the  316  alloy  shows  a  higher  growth  rate 
pattern  than  that  of  Shahinlan.  If  the  Shahinlan  data  Is  matched,  the  value  of  c  ,  Fig.  8, 
Is  raised  Into  consistency  with  other  alloys.  The  process  zone  size  dT  appears  Identical 
(530  ;iln.)  for  each  of  these  alloys,  Its  relatively  high  value  contributory  to  their  high 
toughness. 


9.  12  and  10%  N1  steals 

Tha  extensive  data  of  Barsom,  Imhof  and  Rolfe  (34)  Is  modeled  In  this  Instance:  Fig. 
11  for  the  12N1,  5Cr,  3Mo  alloy;  Fig.  12  for  the  10N1,  Cr,  Mo,  Co.  In  the  extensive  10N1 
set,  a  value  of  cR  -  0.002  Is  shown,  although  an  even  lower  value,  say  0,001  would  fit  as 
well.  For  such  anard  material,  a  low  value  might  be  expected.  This  suggests  a  very  low 
sensitivity  to  stress  ratio,  which  Is,  In  fact,  the  observation  of  Barsom  et  al  on  their 
data  which  shows  nil  effect  on  da/dN  (AK)  of  a  wide  range  of  R  values. 

The  plane  strain  branch  Is  followed  at  the  top,  as  would  be  expected  for  the  rela¬ 
tively  thick  (1  In.)  specimens  employed  In  this  high  strength  material.  The  difference 
between  thin  and  thick  section  branches  Is  not  large  In  the  cycled  material.  Just  the 
opposite  la  true  of  the  virgin  material  where  the  Instability  point  shifts  upward  by  a 
factor  of  about  three,  In  both  alloys,  into  correspondence  with  the  measured  plane  strain 
fracture  toughness  K^. 

From  the  12N1  steel  data  of  Barsom  et  al.  Fig.  11,  It  is  possible  to  discuss  corro¬ 
sion-fatigue  effects;  their  growth  rates  in  salt  water  was  observed  to  be  cyclic  frequency 
sensitive.  The  model  result,  Eq.  15,  allows  for  a  corrosion  rate  V  as  a  multiplicative 
factor,  operating  on  the  same  flow  variables.  For  given  corrosion  late  Vg,  the  log-log 
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growth  rata  curvaa  should  rataln  tha  sane  shape,  being  simply  displaced  upward  a  distance 
proportional  to  tha  log  of  the  cyclic  period  At.  This  expectation  appears  to  be  realised 
in  this  data,  Pig.  11.  Tha  degree  of  displacement  required  to  aake  the  fit  can  be  used  to 
estimate  V_.  If  we  approx  lute  At  *“  l/4f ,  where  f  Is  the  cyclic  frequency,  and  use  refer* 
ence  values  of  da/dN  the  same  as  discussed  for  the  A533B  steel  (Sec.  7)  then  from  Eq.  IS 

vs“«g£/2[(s5cf  ~f)  dr*"f)] 

where  (da/dH  CP  ref)  is  tha  reference  growth  rate  for  the  corrosion  fatigue  natch,  while 
(da/dN  dry  ref.)  Is  that  for  no  envlromental  affect.  Values  of  V.  so  calculated  (Table  I) 
are  fairly  consistent,  and  as  will  be  evident  In  a  later  comparison  (Pig.  21),  too  high  for 
use  of  tha  material  in  a  marine  environment. 

10.  AISI4340j  9-4-20  and  9-4-15  steels 

Both  fatigue  and  stress  corrosion  cracking  data  are  available  on  4340  steel.  Pig.  13. 
Tha  specimens  usad  for  the  flow  measurements  were  of  Gallagher's  stock  (35)  of  a  slightly 
higher  tempering  temperature  than  that  for  Miller's  fatigue  data  (36).  Prior  experience 
with  tempering  temperatures  ranging  through  this  region  suggest  only  a  small  effect  of  this 
difference  (16).  The  match  of  fatigue  data  la  satisfactory.  Again  as  for  the  high  strength 
10N1  mar  aging  steals,  only  a  small  R  correction,  t„  ■“  0,002,  Is  required.  The  cyclic  curve 
is  so  rounded  that  there  Is  little  difference  between  thin  and  thick  section  predictions. 
Unlike  A533B  and  stainless  steels,  this  hard  alloy  cycllcly  softens,  as  expected  after 
Man  son  (37),  so  that  the  fatigue  growth  is  stable  wall  beyond  the  level. 

Gallagher's  stress  corrosion  cracking  velocity  data  on  this  alloy  has  been  fitted 
by  an  upward  translation  of  the  first  cycle  flow  prediction.  Tha  growth  threshold  for 
this  non-coharant  carbide  phase  steel  is  not  expectsd  to  be  augmented  by  a  triaxiality 
factor,  as  discussed  in  Sec.  (4).  The  simple  fit  of  the  threshold  Is  quite  satisfactory, 
as  Is  that  for  the  K_  limit.  Tha  intermediate  velocities  fit  trail  except  near  the 
threshold  where  they  seem  Inordinately  high  and  Invariant,  particularly  with  the  unbuffered 
salt  water.  The  behavior  Is  more  as  though  the  K-proportlonal  c  should  apply.  Indeed 
Sullivan  (38)  has  observed  a  ratcheting  up  to  and  down  from  thls^llmlt  In  a  similar  4340. 
Further  study  Is  needed  here.  Tha  value  emerging  this  match  Is  noted  In  Table  I. 

Only  fairly  high  growth  rates,  l.e.  above  5  pin. /cycle  are  reported  for  the  9Nl,4Co, 
0.20-0.25C  steals  by  Clark  (37)  and  by  Crooker  at  al  (40,  41).  The  fit  is  as  good  as  can 
be  expected.  Crookar's  growth  rates  typically  run  somewhat  faster  than  Clark's.  The 
fitting  has  favored  Clark's  sines  It  Is  the  aura  extensive  of  the  data  sees. 

11.  Titanium  Alloys,  8A1-1MO-1V  and  6A1-4V 

The  discovery  by  Brown  (42)  of  the  extreme  stress  corrosion  cracking  sensitivity 
of  an  8-1-1  titanium  plate  prompted  the  ln-depth  study  by  Mayn  (3)  of  Its  corrosion 
fatigue  behavior.  The  cyclic  stress  strain  curves  (Pig.  16)  show  a  progressive  trend  to  a 
slope  inversion,  a  "two-stage"  hardening  effect,  soawtlaies  observed  In  first  cycle  proper¬ 
ties  of  tltanlua  alloys.  In  the  fatigue  growth  prediction  (center  plot  of  Pig.  16)  this 
has  tha  affect  of  stunting  and  evan  reversing  the  crack  growth  rate  prior  to  the  terminal 
Instability  rates.  When  this  portion  of  the  T-C  derived  curve  is  superimposed  on  the  Mayn 
(3)  fatigue  data  (lower  figure)  the  prediction  appears  substantiated,  this  particularly 
evident  In  his  more  extensive  2  He  data  set.  Tha  fitting  required  a  unexpectedly  large  R 
correction  factor,  cR  -  .006,  for  a  material  of  such  high  relative  strength  level. 

At  the  very  low  cyclic  frequencies,  the  corrosion  (V„)  Induced  growth  per  cycle  has 
Increased  by  a  factor  of  30  to  well  above  d_/cycle.  It  might  be  expected  here  that  In  each 
cycle  the  crack  would  advance  into  materialises  affected  by  the  cyclic  straining  In  such  a 
large  constant-load  growth  Increment.  The  scant  data  at  1/2  Hx  suggests  this,  where  two 
of  the  points  can  be  fitted  by  the  first  cycle  prediction  (T),  others  by  the  cyclic  pre¬ 
diction  (T-C)  as  though  tha  data  populations  wars  blmodal. 

Mayn  (3)  has  observed  that  the  corrosion  effect  in  fatigue  of  this  alloy  disappears 
for  AK(-K_  for  R  ■  0)  around  the  (static)  stress  corrosion  cracking  threshold  K  .  The 
threshold™®  this  coherent  precipitate  material  should  be  the  first  cycle  result  >3§mented 
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by  a  triviality  factor  T.F.  ■  (l/l-2v)  **  2.8.  (A  corresponding  result  Is  observed  In  the 
7075  A1  Fig.  18  an'*.  "79,  Fig.  19.)  If  the  appropriate  transposition  Is  applied  to  the 
first  cycle  curve,  it  does  appear  to  bound  the  transition  region.  The  fatigue  growth  rate 
In  air  below  the  threshold  Is  reasonably  well  fitted  by  the  predictive  curves,  although 
Msyn's  vacuum  data  (not  shown)  Is  not.  The  reference  growth  rate  has  been  based,  as  In 
other  alloys  of  this  ttudy,  on  the  high  frequency  room  elr  deta. 

The  values  of  V.  leg) lied  by  the  corrosion  fetlgue  frequency  effect  data  fitting  are 
seen  In  Table  I  to  be  internally  consistent,  and  also  consistent  with  the  value  obtained  In 
■etching  first  cycle  predictions  with  Sullivan's  (18)  stress  corrosion  cracking  velocity 
(V-K)  data.  It  should  be  noted  hers  that  the  same  value  of  c„  was  used  for  first  cycle  as 
for  reversed  cyclic  predictions,  Implying  that  the  crack  tip  strain  gradient  Is  not  only 
constant  with  raspect  to  loading  level  but  unaffected  by  prior  strain  history.  Use  of  the 
K-proportlonal  *  In  this  Instance  would  reverse  the  upward  slope  of  the  stress  corrosion 
crack  valoclty  prediction,  and,  as  alrsady  observed  by  Sullivan  (18),  fall  to  fit  the 
fracture  data. 

The  value  of  V.  for  this  8-1-1  titanium  In  salt  water,  Table  I  (Fig.  21),  Is  higher 
than  for  any  other  material  of  our  exper lance.  A  number  of  less  active  reagents  have  been 
tried  by  Blackburn,  Feeney  and  Beck  (43)  the  two  matched  In  the  upper  frame  of  Fig.  16 
appear  In  reasonable  agreement  with  model  prediction  as  to  V-K  curve  shape. 

The  6A1-4V  titanium  alloy  results  of  Crooker  (45)  and  of  Clark  (39)  are  displayed 
In  the  Fracture-Flow  Diagram  form  In  Fig.  17.  The  growth  limit  of  first  cycle  ductility 
corresponds  well  with  IL  ,  As  In  the  8-1-1  alloy,  a  strain  hardening  Inflection  develops, 
with  corresponding  growffi  rate  Inversion.  Clark  (39)  has  favored  us  with  a  single  data 
point  which  suggests  this  possibility.  The  lower  tall  on  Clark's  data  Is  believed  to  be  a 
characteristic  start-up  surge,  not  a  true  threshold. 

12.  Aluminum  Alloys  7075T6,  7079T6  and  5456T321 

The  long  standing  propagation  data  of  McEvlly  and  Illg  (45),  in  Its  Paris  AK  reform¬ 
ulation  (47),  Is  nicely  fitted  by  the  Fracture-Flow  diagram  modeling,  Fig.  18.  The  K 
prediction  Is  slightly  higher  than  usual  maasured  values.  A  stress  corrosion  cracking0 
valoclty  much  slower  than  for  4340  steel  or  8-1-1  titanium  Is  Indicated  by  the  downward 
rather  than  upward  shift  of  the  first  cycle  prediction  to  fit  the  data  of  Hyatt  and  Speldel 
(47).  A  new  result  hare  la  the  tracking  of  the  predicted  curve  shape  In  the  "tall -off”  In 
growth  rate  toward  the  threshold.  In  the  7079  T6,  Fig.  19,  the  lowest  velocity  point 
suggests  that  some  excursion  down  the  elastic  1:1  stability  line  may  forestall  the  saro 
growth  goal.  The  scatter  in  the  SCC  growth  rate  above  the  knee  of  the  curve  could  be  a 
result  of  a  transitional  stage  from  the  trlaxlally  inhibited  yielding  to  a  fully  plastic 
llg  ament  condition. 

Clark's  fatigue  propagation  data  on  the  7079-T6  seems  to  favor  the  plane  strain 
prediction,  Fig.  19,  as  befits  his  utilisation  of  thick  specimens.  This  Is  true  also  in 
the  softer  5456  Alloy,  Fig.  20,  whereas  Crooker 's  data  tends  to  favor  the  plane  stress  pre¬ 
diction  In  Its  emargence  to  Infinite  growth  rate. 

13.  Discussion  and  Conclusions 

Specific  results  have  been  discussed  In  connection  with  preceding  particular  exmsples. 
We  believe  a  general  consistency  between  "theory"  and  experiment  has  been  demonstrated. 

Its  only  consplcously  unsatisfactory  aspect  Is  the  necessity  for  an  arbitrary  asslgnsmnt  of 
the  gradient  strain  c  .  It  is  possible  that  this  results  from  deficiencies  of  the  simple 
olastlc  analogue  plasticity  model.  However,  the  general  trend  In  c  ,  decreasing  with  In¬ 
creasing  flow  strength  (UTS),  Is  reasonable.  The  crack  opening  displacement  varies -Inverse¬ 
ly  as  the  flow  strength  (YS),  so  that  the  transition  between  Its  yield  strength  dependent 
strains  and  the  yield  strength  Independent  plastic  strains  away  from  the  crack  tip  should 
Involve  a  gradient  diminished  by  flow  strength.  The  negative  slope  of  the  log  s  vs  lot 
UTS  plot  suggests  an  Inverse  relationship  *G  “■  4  ksl/UTS. 

Some  practical  results  emerging  from  this  study  can  be  listed  In  conclusion.  One 
of  these,  quite  unexpected,  Is  the  fact  that  the  terminal  fatigue  growth  rate  Instability 
can  be  forstalled  by  conditions  of  constraint,  or  plane  strain,  at  the  crack  tip.  It  Is 
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Co  oar  knowledge  tho  only  fracture  strength  behavior  beneficiary  of  tho  thick  aoctlon. 
secondly,  it  appears  that  tha  softer  aatarlals  owe  their  acre  substantive  fatigue  growth 
threshold  levels  to  a  aore  substantive  plastic  sons  blockage  of  tha  strain  excursion  at  the 
crack  tip  upon  unloading,  lut  auch  aore  needs  to  be  learned  about  the,  «_  effect,  how  flow 
properties  are  related  to  it,  how  it  night  be  neasured  froa  COO  experiaants  during  cycling. 
Thirdly,  ve would  raaind  you  of  the  beneficial  affect  of  trlaxlallty  in  displacing  upward  the 
K  threshold  of  stress  corrosion  cracking,  apparently  a  boon  to  non-ferrous  alloys. 

K  final  conclusion  can  be  drawn  froa  a  plot  of  all  reasonably  wall  documented  assess* 
■ants  of  the  surface  attack  rate  against  tanalle  yield  strength.  Fig.  21.  The  scale  at  tha 
right  is  a  rough  conversion  of  those  rates  to  lifetimes  of  a  loaded  part  so  beset.  The 
point  is  not  In  the  correlation;  there  is  none;  that  is  the  point.  There  is  an  enormous 
variability,  not  a  factor  of  three  or  six  aa  for  typical  tanalle  nodulus  normalized  dry 
fatigue  rates,  but  three  or  six  orders  of  magnitude.  It  is  the  why  of  this  enormous  vari¬ 
ation,  surely  corrosion  Induced,  that  corrosion  experts  must  address  their  attentions.  Ve 
would  hope  the  franework  which  present  results  provide  will  be  useful  in  this  quest,  by 
relegating  sons  of  the  behavioral  patterns  of  stress  corrosion  cracking  to  the  reala  of 
mechanics. 


Diacuation 

In  discussion,  tha  point  van  brought  out  that  tha  calculatad  corrosion 
rataa  obtained  by  Dr.  Krafft  from  his  velocity  Measurements  were  far  in 
excess  of  known  corrosion  rates  of  steel  in  sea  water. 
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CREEP -GROWTH  MODEL 


Fig.  1  -  Streu  relaxation  Ao  In  time  At  (upper  diagram)  la 
related  to  the  (train  rate  aenattlvlty  m,  and  (below)  la  equll  - 
lbrated  by  (train  hardening  6 A*  due  to  crack  growth  Aa. 


FRACTURE  -  FLOW  DIAGRAM 


log  AK  — ► 


Fig.  4  -  Fracture  data  oan  ba  oomparad  to  pradlotlona 
from  Flow  data  by  appropriate  ra-plottlng  of  tba  etreae- 
atraln  curvet,  and  allowanoaa  for  yielding  oonetraint  TF 
and  reclotvre  blockage  «R. 


Flf.  t  -  Tnetm-lkiw  mitehlng  of  oolutton-onnoalod  316  itainltai  stool 
requires  a  relattreljr  Ugh  R  offset  oorroetton  *R  -  0.006,  but  thli  Is  ox- 
pootod  for  such,  soft,  oycllcly  hardening,  material. 


nUCTUWl -  *K  (MNirfv*>  — 

FI*.  11  -  Barsom’e  longer  dwell  times  of  lower  cyclic  fre¬ 
quency  of  UNI  steel  In  suit  water  exhibited  s  merited  in¬ 
crease  In  crack  growth  rets,  interpreted  as  a  high  Vg- 
oorrosloo  rate  (Table  I  and  FI*.  II).  Typical  stress  relsx- 
atlon  profile  at  10X  stress  gain,  are  shown  In  the  test 
record  Inset. 


FRACTUREl - 


AK  (MN  m'3'*) 


Fig.  12  -  The  trlaxlal  Instability  strain  of  the  1CN1  steel, 
like  the  12N1  of  Fig.  11,  Is  In  agreement  with  the  Kjc 
value,  and  flu:  larger  than  the  uniaxial  maximum  load 
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FRACTURE  |” 


K,  (MN  m"5'*) 


Fig.  U  -  The  fetlgae  propagation  rate  of  4340  steel  Is  fitted 
by  cyclic  flow  prediction,  and  stress  corrosion  cracking  by 
tbs  first  tension  snorslcn,  The  upward  shift  In  matching  In¬ 
dicative  oft  severe  environmental  sensitivity, high  Vg 
(Fig.  31)  In  salt  water. 
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FRACTURE 


aK  (MN  nr")  — 


Fig.  18  -  Fracture-Flow  diagram  (or  9N1,  4Co,  0.28C  steel 
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Fig.  18  -  The  two  atage  hardening  effect  In  8-1-1 
titanium  (center  lnaet)  give  a  an  Inflection  in 
growth  rate  (center  plot)  reflected  In  Meyn’a  fa¬ 
tigue  data  Gower  plot).  Hia  growth  Incraaae  with 
cycle  duration  ylelda  a  Vg  value  oonalatent  with 
that  for  Sullivan’a  etreaa  corroaion  cracking  ve¬ 
locity  (upper  plot).  The  Blackburn  et  al  data  la 
aleo  matched  to  firat  cycle  flow  prediction  with 
reduced  Vc  for  CH-C1.  environment. 


FRACTURE  I -  K,  (MN  m'v*)  — 

Fig.  18  -  The  Fracture-Flow  diagram  match 
for  7075  -T8  aluminum  ah  owe  agreement  with 
the  etreae  corroelon  velocity  reeulte  of  Hyatt 
and  Speldel,  the  downward  tranelatlon  of  ftrat 
cycle  prediction  Indicative  of  a  alow  (Vg)  cor- 
roalon  effect  (Fig.  21). 


do/dN  in  R.T.  olr  -  CLARK 
see  in  R.T.  wotsr- after 


rig.  30  •  fractura-Flow  diagram  for  64S6-T3I1  Aluminum, 


RATE  AT  CRACK  TlP-Vs(in/sec) 


•  SCC  V-K 

•  see  t, 

•  Corro*.  fat. 


Salt  Water  Immersion  Except 
F  •  Fresh  Water 
/  CtHtClt 
x  •  H,0  Sat. 


2hrs 


10  day 


3  Mo 


100  200 
TENSILE  YIELD  STRENGTH  (ksi) 


APPROX 


Fig.  21  -  The  greet  variability  In  oorroskm -fatigue  eueoeptibOlty  (Vg)  is  seen 
In  plot,  vs  tensile  yield  strength,  of  date  from  this  paper  as  well  as  previous 
work  (18).  Consistency  among  values  of  Vg  by  different  assessment  methods 
Is  encouraging.  For  a  structure  loaded  once  a  minute,  Vg  values  above  band 
will  reduoe  life  expectancy. 
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Protection  contro  la  corrosion  marina  sous  tension  d'alliages  d' 
Aluminium  par  dee  reviteaents  d'oxydes  d'Aluminium  hydrates  ou 
non  at  dee  sciers  par  das  revitements  de  Fe304.  I. Alllages  d'Al. 

Prof.  Dr.  Ing.  Chem.  Th.  Skoulikidis,  Ing.  Cham.  A. 
Karageorgos. 

Chairs  de  Chimie  Physique  at  d'Electrochimie  appli- 
quie.  Universiti  National  Technique,  Athines  146, 

Grice. 


Dans  la  but  de  protiger  les  alllages  d'aluminium 
contre  la  corrosion  .marine  sous  tension,  on  a  pripari 
,1  iprouvettea  en  alllages  d'alumi- 
oxydatij^r  anodique:  Yj-AljC^,  Y2-AI2O3,  Yi-Al203* 
>.  On  a  varii  la  densiti  du  courant, 
Ipaisieur  sUT'surtout  l'orlentation  des  crlstaux  envers 
dlrectlospaa  la  traction  future  et  la  temps  entre  la~ 
"oxydes  et  des  hydrates .  Sur  cheque  sor- 
Krette,  on  a  pris  des  courbes potensiostatiques 
fourbes  polds-temps  de  fracture  Ccirculation  d' 
rmer  et  charge  positive  des  iprouvettes  pour  diml- 
temps  de  fracture;  utilisation  des  iprouvettes 
liquement  et  ilectrolytlquement  (dissolution  anodl- 
pre-fracturies  (pre-crackedjj.  Des  pare! lies  pripa- 
lons  et  mesures  ont  it#  faites  pour  Pe304  sur  des  a- 
Lers.  On  a  trouvi  qua  lea  conditions  de  la  priparation 
des  oxydes  et  laurs  hydrates,  surtout  1 'orientation  de 
leurs  crlstaux,  influence  eonsidirablement  leurs  propr li¬ 
tis  protectrices  et  micaniques  et  certaines  entre  eux 
condulsent  I  des  revitaments,  qui  protigent  les  alllages 
d'aluminium  et  les  aciers  contre  la  corrosion  marine  sous 
tension.  On  discute  aussi  lea  propriitis  diffirentes  des 
iprouvettes  micaniquament  at  ilectrolytlquement  priparies, 
ce  qui  peut  aider  I  l'interpritatlon  du  phincmine  de  la 
corrosion  sous  tension  de  ces  alllages. 

Key  Words:  Y1-AI2O3,  Y2~Al2°3*  Y1-AI2O3OH2O,  Y2"il2°3' 
3h20  orientis;  Fe304  orienti;  Eprouvettes  micaniquement 
pre-fracturies;  Eprouvettes  ilectrolytlquement  pre-fra- 
cturies. 


1 .  Introduction 

Come  11  est  connu,  les  Yx~A1203,  priparis  par  oxydation  anodique  sur 
la  surface  d'alliages  d'aluminium,  exercent  une  protection  contre  la  corro¬ 
sion  ginirale  et  par  picures  de  ces  alllages. 

Au  contraire,  l'exlstence  des  ces  oxydes  sur  la  surface  des  ces  alli- 
ages  accilire  la  corrosion  sous  tension  (1-3).  Les  raisons  sont  que  les 
pores  des  ces  oxydes  et  les  fractures,  qui  se  produlsent  t  la  couche  des  o- 
xydes,  dis  qu'on  charge  une  iprouvette  par  un  poids  au  dessus  d'une  valeur 
limits  agissent  come  si  les  iprouvettes  itaient  pri-fracturies 

(pre-cracked) :  concentration  des  tensions  micaniques  et  augmentation  de  la 
densiti  du  courant  (phinomine  d'une  petite  anode  envers  une  grande  cathode) . 
Alors,  la  structure  secondaire  et  les  propriitis  micaniques  des  oxydes  ne 
sont  pas  appropriies  pour  effectuer  une  protection  contre  la  corrosion  sous 
tension. 


On  constate  le  mAme  comportement  (acceleration  de  la  corrosion  sous 
tension)  pour  des  iprouvettes  mvAtAes  des  Yj-AIjO* 3H20  (colmatation)  (1-3), 
mais  les  rAsultats  sont  meilleurs.  On  trouve  dans  la  bibliographic  (1,2,4, 

5) ,  que  seulement  la  colnatation  des  ces  oxydes  par  dichromates  conduit  &  la 
preparation  des  couches,  qui  exercent  une  protection  &  la  corrosion  sous 
tension  (p.  ) • 

Mais  on  constate  aussi,  par  le  depouillement  de  la  bibliographie,  que: 

a.  Pendant  la  preparation  des  Y1-AI2O3  et  yi-A^Oj*  3HoO  utilises, 
toute  la  variete  des  conditions  n'a  pas  ete  ApuisAe:  densitA  du  courant, 
temperature,  vieillissement  avant  d'etre  colmates,  conditions  de  la  colmata- 
tion,  qui  pouvaient  conduire  A  des  propriAtAs  structurelles  et  mecaniques 
amAliorAes. 

b.  N'etaient  pas  utilises  les  Y2~Al203~couche  d'oxyde,  l'existence 
de  laquelle  nous  avons  constate,  il  y  a  plusieurs  annAes,  sur  la  couche  de 
Y1-AI2O3,  aprAs  une  Apaisseur  de  36u  de  celui-ci  (6-7),  qui  possAde  des  pro- 
priAtes  structurelles  et  mecaniques  trAs  diffAr*"tes  des  Y1-AI2O3  (8-11)-et 
Y2-AI2O3OH2O. 

c.  On  n'avait  pas  jouA  avec  l'orientation  des  grains  des  oxydes  en- 
vers  la  direction  de  la  future  traction.  Condition,  qui  influence  la  stru¬ 
cture  et  les  proprietes  mecaniques  des  metaux  eiectrolytiquement  deposes 
(12-14)  et  pouvant  influencer  aussi,  les  proprietes  des  oxydes,  prepares 
par  oxydation  anodique. 

Ces  raisons  ont  ete  des  arguments  suffisants  pour  reenvisager  le  sujet. 

C'est  ainsi  que, par  des  mesures  prdliminaires ,  les  rAsultats  des- 
quelles  ont  ete  prAsentAes  A  la  conference  d ' OTAN-AGARD  (IS),  AthAnes,  1970 
et  A  la  conference  d'OTAN,  Ericeira,  Lisbone,  1971  (16),  on  a  constate  que, 
en  effet,  les  conditions  ci-haut  mentionnAes,  influencent  les  propriAtAs  des 
revAtements  et  amAliorent  les  rAsultats  au  point  de  vue  de  la  protection  des 
alliages  d'aluminium,  aussi  bien  que  des  aciers  (revAtement  de  Fe304). 

On  peut  voir  ces  rAsultats  sur  les  diagraimnes  Fig. la, b  et  2a, b  od  | 
symbolise  des  Aprouvettes  perpendlculaires  et = horizontal es,  pendant  1 'oxy¬ 
dation  anodique  (p.  ) . 

Aux  diagrammes  1a,b,  on  constate  la  variAtA  des  rAsultats  selon  la  va- 
riAte  des  revAtements  (Y1-AI2O3OH2O:  2, 3, 4, 6, 7;  Y2_Al2°3*3H20:  5,8,9)  et  du 
vieillissement  prAalable  des  Y1-AI9O3  et  Y2-A1203  (2, 3, 5, 8),  de  la  m 6th ode 
de  la  colmatation  (3,4)  et  de  l'orientation  (2, 6-3, 7-8, 9) .  Mais  tous  les 
rAsultats  ne  sont  pas  meilleurs  que  ceux  sur  l'alliage  nu. 

Au  contraire,  aux  diagrammes  2a, b,  l'influence  de  l'orientation  des  o- 
xydes  ^304  a  conduit  A  un  retardement  aprAciable  du  temps  de  rupture  envers 
l'acier  nu  (15,16) . 

MalgrA  l'effet  que  les  rAsultats  pour  l'alliage  d'aluminium  n'Ataient 
pas  satisfalsants,  on  a  continue  les  efforts  sur  ce  sujet  et  on  prAsente,  ce 
qu'on  a  optenu,  ci-dessous. 

2.  Partie  Experimentale 
la.  Protection  d'alliages  d'aluminium. 


A.  Forme  des  Aprouvettes,  sortes  des  revAtements  et  conditions  des  me¬ 
sures. 

1.  Sorte  d'alllage,  forme  et  dlmentlons  des  Aprouvettes. 

Les  Aprouvettes  ont  AtA  prAparAes  de  l'alliage  d'aluminium  (H.38),  AL¬ 
CAN:  57S  (  rn.  ASTM:  5052)  suivant: 

Mg:  2,5%,  Cr:  0,25%,  Fe+Si:  0,45%,  Cu:  0,1%,  Mn:  0,1%,  Zn:  0,1%,  Al:  96,5%. 

L'alliage  Atait  en  forme  de  bandes  d'une  Apaisseur  de  0,25mm.  On  a 
coupA  les  Aprouvettes  parallelement  A  la  direction  du  laminage,  qui  coinci- 
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dait  a  vac  la  dlractlon  da  la  future  traction.  On  volt  la  forme  et  lea  di¬ 
mension*  das  dprouvettes  sur  la  rig.  3. 

ii.  Condition*  de  la  preparation  daa  oxydea  vi  et  v?  par  oxvdation  a- 
nodloue. 

L'oxydation  anodique  das  Aprouvette* ,  avac  lea  isolations  des  surfaces 
indiquAes  1  la  Fig. 3,  avait  lieu  dans  un  bain  d'acide  sulfurigue  15%,  sous 
une  temperature  constants  de  25°C  et  une  densitA  du  courant  de  1,5A/dm2, 
pendant  35  min.  pour  la  preparation  des  Yj  et  HOmin.  (6-9)  pour  la  prepara¬ 
tion  des  T2  oxydes  (6-9). 

Un  nosibre  d' Aprouvette*  Ataient  posdes  pendant  1 'electrolyse  perpendi- 
culaireaent  1  la  surface  du  bain:  )|  et  un  nombre  parallAlement,  c.a.d.  hori- 
xontalement!  = .  " 

'A  cause  de  la  circulation  du  bain  sur  las  surfaces  des  dprouvettes, 
pendant  l'dlectrolyse  de  bas  an  haut,  due  A  1 ‘evolution  de  1'oxygAne,  les 
grains  des  oxydes  subissent  une  orientation  parallAle  A  la  gravitA.  C'est 
ainsi,  qua  dans  le  cas  N  ,  l'orientation  des  grains  des  oxydes  est  parallAle 
et  dans  le  cas  **  perpenaiculaire  A  la  direction  du  laminage  et  de  Aa  future 
traction  (14,15). 

iii.  Conditions  de  la  colmatatlon. 

Les  oxydes,  prepares  sous  les  conditions  ci-haut  mentionndes,  Ataient 
colmatAs  par  immersion  dans  de  l'eau  diatillAe  A  une  temperature  de  100°C 
et  pendant  1,5  min.  (15). 

iv.  Dispositif  pour  les  manures. 

Sur  les  images  4a,  4b  et  4c,  on  voit  la  maniAre  avec  laquelle,  on  fi- 
xait  et  on  chargeait  chaque  Cprouvette.  On  voit  aussi,  la  possibilitA  d' 
une  circulation  d'une  solution  corrosive  et  la  possibilitA  d'une  charge  po¬ 
sitive  de  l'Aprouvette,  A  l'aide  d'une  cathode  en  aluminium,  afin  d'accAlA- 
rer  la  corrosion  sous  tension. 

'A  chaque  Aprouvette  appartenait  un  dispositif  (Fig. 5a, b)  sur  lequel, 
s'anregistralt  le  temps  de  rupture  et  avec  lequel  chaque  Aprouvette  se 
chargeait  positivement  (sous  densitA  du  courant  anodique  constante) . 

v.  Conditions  des  mesures. 

Pendant  les  mesures  des  temps  de  rupture,  les  dprouvettes  Ataient  im- 
mergdes  dans  un*  solution  d*  IN  NaCl,  qui,  A  l'aide  des  pompes  pArlstalti- 
ques  (dosometriques) ,  circulait  avec  une  vitesse  constante  de  70ml/h. 

'A  cause  du  fait  qu*  la  reproductibilltA  des  mesures  avec  laquelle 
nous  avons  obtenu  les  courbes  1a,b,  n'Atait  pas  satisfaisante  et  que  1*  pa- 
ramdtre  actif  immddiat  de  l'accdleration,  n'est  pas  la  tension  Alectrlque, 
mais  la  densitA  du  courant  anodique,  on  a  effectud  les  mesures  sous  charge 
positive  des  dprouvettes,  de  sort*  que  la  densitA  du  courant  anodique  re- 
atait  constante:  2mA/cm2  (mesures  galvanostatiques) . 

B.  Mesures  et  rAsultats, 

1.  Courbu  de  rAfArence. 

Sous  les  conditions  ci-haut  mentionndes,  on  a  effectud  des  mesqres 
sur  des  dprouvettes  d'alliage  d'alumlnlum  nu,  pour  trouver  la  courbe  de  re¬ 
ference  afin  de  fair*  la  comparaison  avec  les  rAsultats  des  mesures  sur  des 
dprouvettes  revdtAes.  On  volt  les  rAsultats  sur  les  diagrammes  6a, b  et  c. 

11.  Mesures  sur  des  dprouvettes  revAtdes. 

a)  DensitA  du  courant  anodique :  2mA/cm2 ,  DensitA  du  courant  pen¬ 
dant  la  preparation  des  oxydes  t  1 , 5A/dm*T 

On  a  effectud  des  mesures  sur  des  dprouvettes  revAtdes  d*  Vj-Al^O^  — » . 
Y2"A1203  =='  Y1-AI2O3OH2O  ||  ,=  et  Y2_A12°3‘ 3H2°  II  »=prAparA*a  cocnme  ci- 
haut  mentionnA  et  obtenu  1*  diagramme  suivant  (rig.  7),od  on  a  aussi  prdsen- 
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ti  las  rftsultats  sur  las  Y1-AI2O3OH2O  ||  ,  colHtts  par  dichromates  (p.  ). 

On  constats  &  ca  diagramme,  ancore  una  fois  (v.Fig.1a,b  at  2a, b) ,  la 
grands  influence  da  l'orientation  das  oxydes  (cctaparaison  antra  2,3  at  4,5) 
at  las  risultats  plus  satisfaisants  da  l'orientation  =.  La  saul  rSsultat, 
qui  na  coincide  pas  avec  la  diagramme  1a,b  est,  qua  an  diagramme  7  la  t2~Ai2°3 
•3H20=xmontra  das  qualitis  meilleurs  qua  la  Y2_A12°3’3H2°  H,ce  qui  n'est 
pas  la  cas  pour  las  mimes  hydrates  au  diagramme  (la, 6) .  On  paut  donnar  1' 
explication,  qu'A  cause  da  la  plus  grande  resistance  ilectrique  du  Y2-Al2°3* 
3H20  ||envers  la  Y2-a12°3*3h20  =  »  quand  on  charge  tous  las  deux  avec  la  mi¬ 
me  tension  ilectrique  constants,  la  densiti  du  courant  ast  plus  petite  pour 
||  qua  pour  = .  e'est  ainsi  qua  la  ||  montrs  una  resistance  I  la  corrosion 
aux  diagrammes  1a,b,  plus  grande  que=.  Mais,  quand  on  charge  tous  las 
deux  avec  la  mime  densiti  du  courant  constante  la  =montre  una  plus  grande 
resistance  &  la  corrosion  sous  tsnsion  qua  la  ||  .  Au  oontraire,  lea  resi¬ 
stances  da  Yi-Al203*3H20  j|  et*=ne  sont  pas  tris  differ  antes  at  c'ast  pour- 
quo  i,  potensiostatiquement  ou  galvanostatiquement,  ils  montrent  la  mime  com- 
portament.  La  raison  da  ce  comportemant  different  das  y2  orientis  ||  ou  =  , 
au  point  de  vue  de  leurs  resistances  eiactriques  &  das  directions  perpendi- 
culalres  entre  aux,  est  qua  la  Y2  est  un  semiconducteur  p-n,  beaucoup  plus 
intensif  qua  la  Yi  (11). 

On  constate  aussi  au  diagramme,  qua  las  risultats  de  toutas  las  sortes 
das  iprouvettes  ne  sont  pas  meilleurs  qua  ceux  das  eprouvattas  nues,  y  com- 
pris  celles  colmaties  par  dichromates. 

b)  Variation  de  la  densiti  du  courant  de  preparation  das  oxydes. 

On  a  vari6  la  densiti  du  courant  de  preparation  das  oxydes,  da  sorte 
qu'elle  passait  la  mime  quantiti  du  courant >  3150  coul/dm2  pour  Yj  at  9900 
coul/dm2  pour  y2  Con  a  A  cheque  cas  la  mime  ipaisseur  de  la  couche  (9)3  at 
effectui  das  mesures  pour  una  charge  constants  da  10Kg/mm2.  On  a  obtenu  la 
diagramme  suivant  (Fig.  8). 

On  constate  au  diagramme  8  qua,  pour  toute  la  variiti  das  oxydes  at 
leurs  hydrates,  on  obtiant  un  maximum  das  qualitis  pour  una  densiti  du  cou¬ 
rant  da  6A/dm2,  pendant  la  preparation  das  oxydes. 

II  est  intiressant  da  signaler,  qua,  malgri  la  fait  qua  las  qualitis 
das  Y1-AI2O3  et  Yi-A1203* 3H20  au  diagramme  Fig.  7  (densiti  du  courant  de 
preparation  1,5A/dm2)  sont  moins  satisfaisantes  qua  las  qualitis  das  Y2“Al2°3 
et  Y2~Al203*3H20,  priparis  sous  una  densiti  du  courant  de  6A/dm2  montrent 
das  qualitis  meilleures. 

c)  Influence  du  vleilllssement  das  oxydes  mimes  et  das  oxydes  avant 
d'etre  colraatis. 

Nous  avons  fait  las  mimes  mesures  avec  Yi»  Y2~A1203  et  Yj»  Y2~A1203* 

3H20  at  constate  qua  l'Age  das  oxydes  plus  grand  qua  24h. ,  aussi  bien  qua 
laur  Ige  avant  d'etre  colmatis,  n'itait  pas  an  faveur  de  leurs  qualitis. 

d)  Denolti  du  courant  de  preparation  das  oxydes:  6A/dro2. 

On  a  effectui  das  mesures  pour  las  cas,  qui  montrent  au  diagramme  Fig. 

8,  las  meilleurs  risultats,  c.a.d.  Yi“Al203  =et  Y1-AI2O3. 3H20  =sous  las 
mimes  conditions  (densiti  du  courant  angaique:  2mA/cm2),  mais  avec  una  den- 
slti  du  courant  de  preparation  de  6A/dm2.  On  a  obtenu  le  diagramme  suivant 
(Fig.  9),  od  on  a  igalement  prisenti  las  risultats  sur  Y1-AI2O3.3H2O  =col- 
matis  par  dichromates  (p.  ) . 

Sur  le  diagramme  Fig.  10,  on  peut  faire  la  comparalson  entre  tous 
las  risultats  obtenus  jusqu'ici,  y  compris  lea  risultats  sur  Y1-AI2O3. 3H20 
||(1 ,5A/dm2)  et —  (6A/dm2) ,  colmatis  par  dichromates  (p.  ). 

On  constate  que,  malgri  les  donnies  bibliographiques,  les  Yi-A1203* 

3H20  (6A/dm2)  colmatis  par  dichromates,  sont  pires  que  toute  variiti  que 
nous  avons  priparie  pour  o  infirieur  que  12Kg/mm2.  ils  deviennent  meil¬ 
leurs  des  quelques  var litis  par  augmentation  de  o,  mais  ils  restent  tou jours 
pires  que  Yj-Al203  =  et  Y3“A1203*3H20  “(colmatis  dans  de  l'eau  distillie 


100°C,  1,5min). 

En  tout  cas,  malgrA  1' amelioration  dee  qualitAs  dee  couches  anodlques, 
la  resistance  &  la  corrosion  sous  tension  des  Aprouvettes  revAtAes  de  ces 
couches  n'est  pas  meilleure  que  cells  des  Aprouvettes  en  alliage  nu. 

e)  Variation  de  la  densitA  du  courant  anodlque. 

Comme  il  est  connu  gAnAralement,  quand  une  reaction  hAtArogAne  chimi- 
que  ou  Slectrochimique  est  acc£l£r£e  par  les  conditions,  les  vari£t6s  des 
propri£t£s  de  la  surface  des  corps  solides  (centre  actifs  gAometriques  ou 
structurals)  n'influencent  pas  la  vitesse  de  la  reaction  avec  le  mAme 
"poids",  que  si  la  reaction  dtait  lente. 

On  attend  les  mAmes  rAsultats  pour  les  revAtements:  si  on  accAlAre  la 
rupture  au  dessua  d'une  limits,  y  comprts  l'effet  d'une  petite  anode  envers 
une  grande  cathode  (p.  ),  on  ne  pourrait  pas  reveler  les  qualit£s  protec- 
trices  des  rev£tements  utilises,  qui  seraient  dissimul£es,  &  cause  de  la 
grande  vitesse.  C'est  pourquoi,  on  a  effectu€  des  mesures  avec  une  variAtA 
des  densites  du  courant  anodique,  en  employant  deux  o  (20  et  lOKg/mm2)1. 

On  a  constate  que,  dans  tous  les  cas,  la  difference  du  temps  de  ruptu¬ 
re  At  envers  l'alliage  nu  et  celui  des  diff£rentes  couches  protectrices  en- 
tre  elles,  augments  en  faveur  des  couches  protectrices,  quand  la  densite  du 
courant  anodique  diminue  et  devient  maximum  &  une  densite  du  courant  de 
0 , 5mA/ cm2 . 

f)  Utilisation  d'une  densite  du  courant  anodique  de;0,5mA/cm2. 

C'est  sous  cette  condition  qu'on  a  obtenu  le  diagramme  suivant  (Fig  11). 
On  constate  que  maintenant,  les  cas  Y1-AI2O3*  et  Yi-Al2O3*3H20z=:(quand  les 
oxydes  sont  prepares  par  une  densite  du  courant  6A/dm2,  montrent  une  protec¬ 
tion  de  la  corrosion  sous  tension  envers  les  £prouvettes  nues. 

C'est  un  resultat,  le  premier,  sur  lequel  on  peut  baser  l'optimisme, 
qu'avec  les  mesures, que  nous  continuons  &  effectuer,  on  pourrait  ameiiorer 
davantage  les  qualites  des  ces  couches,  en  prAcisant  l'optimum  des  leurs 
qualites  dans  le  cadre  de  la  variation  de  tout  paramAtre  possible,  y  compris 
le  paramAtre  de  1 'orientation,  qui  est  introduit  pour  la  premiere  fois. 

Ib.  Contribution  au  mecanlsme  de  la  rupture. 

Eprouvettes  Alectrolytlguement  pr6-fracturees  (pre-cracked) ■ 
Introduction 


Pendant  les  diverses  mesures  ci-haut  mentionnAes,  qu'on  a  effectuA 
pour  rAvAler  les  qualites  mAcaniques  des  couches  anodlques,  on  a  constate : 

-  Des  fractures  sur  les  couches  anodlques,  dis  que  les  Aprouvettes 

Ataient  chargAes  mAcaniquement  par  des  valours  de  o  supArieurs  d'une  valeur 
limite,  correspondante  4  chaque  cas  (p.  ) . 

-  Au  dessous  de  cette  valeur  limite,  la  couche  restait  intacte  et  a- 
prAs  un  certain  tempB,  dApendant  de  la  sorte  de  la  couche,  de  la  valeur  de  o 
et  de  la  densitA  du  courant  anodique,  on  pouvait  constater  des  fractures, 
comme  rAsultat  d'une  dissolution  anodique  et  de  la  traction. 

-  On  peut  rAvAler  l'existence  des  fractures  aux  couches  anodlques 
par  le  fait  que,  pour  charger  les  Cprouvettes  fracturAes  par  une  certaine 
densitA  du  courant  anodique,  on  a  besoin  d'une  tension  anodique  beaucoup 
plus  petite  qu'avant  l'apparition  des  fractures  (on  peut  acquArir  la  mAme 
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densiti  du  courant  avec  une  tension  anodique  infirieure) ,  A  cause  de  la  ri- 
sitcance  ilectrique  des  couches  intactes. 

a.  Partie  expirimentalle.  Risultats  prillmlnalres. 

Basis  sur  ces  risultats,  on  a  effectui  les  mesures  suivantes- 

i)  On  a  chargi  des  iprouvettes  en  alliages  d 'aluminium  revities  par 
Y1-AI2O3 = (densiti  du  courant  de  sa  preparation  6A/dm2)  avec  un  cr»20Kg/mm2 
et  par  une  densiti  du  courant  anodique  2mA/cm2  et  mesuri  le  temps  de  ruptu¬ 
re:  valeur  moyenne  272  min. 

ii)  Sous  les  mimes  conditions,  on  a  chargi  des  iprouvettes  pareilles 
avec  un  o-10Kg/mm2  et  par  une  densiti  du  courant  2mA/ cm2.  Pour  cela,  on  a 
besoin  d'une  tension  ilectrique  beaucoup  plus  grande  qu'au  cas  i.  On  a  at- 
tendu  jusqu'A  ce  que,  par  dissolution  anodique,  lea  couches  des  oxydes 
soient  fracturies  (diminution  de  la  tension  ilectrique  pour  avoir  la  mime 
densiti  du  courant)  et  A  ce  moment,  on  a  chargi  les  iprouvettes  par  un 
o~20Kg/mm2,  soutenu  la  densiti  du  courant  constante  et  mesuri  le  temps  de  la 
rupture:  valeur  moyenne  198  min. 

En  comparant  les  deux  valeur s  en  i  et  en  ii,  on  constate,  que  la  ruptu¬ 
re  en  ii  a  lieu  plus  vite. 

On  a  pensi,  que  ce  risultat  serait  peut-itre  dQ  au  fait,  que,  au  cas 
ii,  il  y  a  un  temps  de  dissolution  anodique  des  couches,  pendant  lequel  les 
ions  d'aluminium  migrent  vers  l'environnement  corrosif  et  qu'A  cause  de  cet- 
te  migration,  il  se  forme  un  chemin  actif,  ce  qui  accilire  la  rupture  envers 
le  cas  i,  oQ  les  fractures  des  couches  se  forment  micaniquement. 

Pour  prouver  cette  possibility  on  a  pripari  des  iprouvettes  ilectro- 
lytiquement  pri- fracturies  (pre-cracked)  et  compari  avec  des  iprouvettes  mi- 
caniquement  pri- fracturies .  Les  risultats  de  ces  mesures  soutenalent  l'idie 
ci-haut  mentionnie:  les  iprouvettes  ilectrolytiquement  pri-f racturies  acci- 
leraient  le  phfinomine  envers  les  iprouvettes  micaniquement  pre-cracked.  Ces 
risultats  priliminaires  ont  iti  prisentis  A  la  confirence  d'OTAN-AGARD,  A- 
thines,  1970  et  A  la  confirence  d'OTAN,  Lisbone,  1971,  On  prisente  ci-des- 
sous,  les  risultats  des  nouvelles  mesures. 

b)  Mode  de  priparation  des  iprouvettes  ilectrolytiquement  pri-frac- 

turies. 

On  met  les  iprouvettes  dans  un  bain  de  CH30H:HI103  (condensi)-2 : 1  comme 
anode,  apris  avoir  isoli  toute  leur  surface,  sauf  les  endroits  destinis  pour 
la  priparation  des  fractures  initiales  (Fig.  12)  de  forme  triangulaire  (hau¬ 
teur  0,5  ran,  base  1  mm)  et  avec  une  densiti  du  courant  de  30A/dm2  on  provo- 
que  par  dissolution  anodique  des  fractures,  A  peu  pris  des  dimensions  men- 
tionnies.  On  donne  micaniquement  les  dimensions  pricises. 

c)  Mesures  et  risultats. 

Sur  des  iprouvettes  micaniquement  et  ilectrolytiquement  pri-fracturies 
et  sous  les  mimes  conditions  (p.  ) ,  on  a  effectui  des  mesures  de  temps  de 

rupture.  On  a  constati  (Fig. 13)  que  les  iprouvettes  ilectrolytiquement  pri- 
fracturies  accilirent  le  phinomine,  plus  que  les  iprouvettes  micaniquement 
pri-fracturies,  en  accord  avec  les  donnies  des  expiriences  de  la  paragr.  a. 

On  a  aussi  effectui  les  mimes  mesures  sur  les  deux  sortes  d 'iprouvettes,  a- 
pris  avoir  coupi  les  tranches  du  matiriau,  qui  contenaient  les  fractures  1- 
nitiales  (Fig. 14)  et  obtenu  les  risultats  de  la  Fig. 13.  On  voit  sur  ce  dia- 
gramme,  que  les  iprouvettes  prialablement  ilectrolytiquement  pri-fracturies 
accilirent  le  phinomine  beaucoup  plus,  que  les  iprouvettes  prialablement  mi¬ 
caniquement  pri-fracturies. 

On  se  trouve  alors,  devant  un  chemin  actif,  qui  se  forme  pendant  le 
phinomine  initial  de  la  corrosion  et  la  formation  des  fractures  initiales. 

On  peut  prouver  l'existence  de  ce  chemin  actif  par  ilectrographie,  par 
des  riactifs  colorants  et  par  la  mithode  d'exo-ilectrons. 

Il  faut  noter  de  plus,  qu'A  des  iprouvettes  ilectrolytiquement  pri- 
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fractur6es,  la  rupture  a  toujours  lieu  A  l'endroit  oil  elles  Atalent  prA-frac- 
turAes,  mAme  si  on  enlive  les  tranches  du  matAriau  ci-haut  mentionnAes,  ce 
qui  n'est  pas  le  cas  pour  les  Aprouvettes  mAcaniquement  prA-f racturAe* .  De 
plus,  avec  elles,  on  inite  la  rAalitA,  c.a.d.  le  mode  de  la  dissolution  ano- 
dique  avec  laquelle  se  forme  la  fracture  initiale. 

CONCLUSIONS 

1)  En  utilisant  une  density  du  courant  de  6A/dm2  pour  la  preparation,  par  o- 
xydation  anodique,  des  Y1-AI2O3  et  Y2“Al2°3  dans  un  bain  d'acide  sulfuri- 
que  sur  les  surfaces  des  Aprouvettes  en  alliages  d'aluminium,  on  constate 
que  ces  revAtements  montrent  des  qualitAs  nAcaniaues  satisfaisantes,  si 
leurs  oxydes  sont  orientAs  perpendiculairement  A  la  direction  de  la  futu¬ 
re  traction.  On  peut  donner  cette  orientation  aux  oxydes  si,  pendant  1' 
oxydation  anodique,  les  Aprouvettes  sont  posAes  horizontalenent,  de  sorte 
que  la  direction  de  1 'evolution  de  l'oxyg&ne,  coincidente  avec  la  direc¬ 
tion  de  la  gravlte,  soit  perpendiculaire  A  la  direction  de  la  future 
traction. 

2)  On  constate  aussi,  une  amelioration  des  qualites  des  Yi-AIjO^OH^O  et  Y2- 
AI2O3' 31*2®,  sl  l®8  oxydes  sont  formes  de  la  fagon  ci-haut  mentlorinAe, 
vieillis  pendant  24h.  et  transformes  en  hydrates  dans  de  l'eau  dlstiliee 
de  1 00°C ,  pendant  1,5min. 

3)  Les  Yj-Al203**et  Yi“Al203’  31^0  =  prepares  par  la  n6thode  ci-haut  mention- 
nee,  possedent  les  meilleures  qualites  mecaniques,  qui  conduisent  A  une 
protection  de  la  corrosion  sous  tension  (v.  4). 

4)  Si  on  acceiAre  la  corrosion  sous  tension  au  dessus  d'une  limite,  les  diffA- 
rentes  qualites  des  diffArents  revAtements  se  dissinulent  partiellement  et, 
A  cause  de  l'effet  d'une  petite  anode  envcrs  une  grande  cathode,  on  ne 
peut  pas  rAvAler  leurs  qualites  protectrices  envers  l'alliagc  nu.  C'est 
pourquoi,  iA  ne  faut  pas  dApasser  les  0,5mA/cm2  comme  densitA  du  courant 
anodique  pendant  las  mesures. 

5)  Le  different  comportement  des  Aprouvettes  pr6-f racturAes ,  prAparAes  mAca- 
nlquement  et  Alectrolytiquement,  y  comprls  les  autres  experiences  dAjA  dA- 
crites,  conduit  A  la  conclusion  que,  pendant  la  dissolution  anodique  diri- 
gAe  au  spontanAe,  A  cause  de  la  diffusion  des  ions  du  mAtal,  Be  forme  un 
chemin  actif,  qui  accAlAre  la  corrosion  sous  tension. 

On  peut  alors,  ajouter  aux  causes  de  1 'existence  du  chemin  actif:  pre¬ 
existence,  formation  A  cause  de  la  tension  m6canique,  formation  A  cause  de  la 
diffusion  des  substances  de  l'envlronnenent  corrosif,  une  quatriAr.e  cause: 
formation  du  chemin  actif,  pendant  le  stade  initial  de  3  a  corrosion  en  forme 
de  dissolution  anodique  aux  centres  actlfs,  gAometriques  ou  structurals,  due 
A  la  diffusion  des  ions  d'aluminium  en  Atat  sollde. 
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Diacusaion 

Comment :  II  eat  trie  intdreaaant  qua  l'hietoire  de  l'oxydatlon  joue  un 
rOle  dominant.  Noua  avona  recherche  dans  un  autre  can  1' influence  du 
rapport  de  presaion  oxygine/argon  aur  l'oxydatlon  du  fer.  On  trouve  que 
l'oxyde  qul  ae  forme  tree  lentement  a  une  resistance  plus  die vie  aux 
attaques  par  corrosion  que  l'oxyde  qul  ae  forme  relativement  rapidement. 

Je  croia  que  le  ddfaut  aux  criataux  de  l'oxyde  donne  la  riponse  et  j 'imagine 
que  la  viteaae  eat  influences  par  1' orientation  des  criataux  des  matdriaux. 

Skoullkldi a ;  Si  j 'ai  bien  compris,  vous  avez  dit  que  lea  qualitis  des 
oxydes  dependent  de  la  viteaae  pendant  la  preparation.  Oui  et  ci  depend 
de  deux  points  de  vue:  voua  avez  d'abord  la  grandeur  des  criataux  qui 
influence  lea  propridtds  mala,  de  plus,  voua  avez  une  augmentation  de  N 
semi-oxyde  aluminium  metal  aemi-conducteur  AP;  si  vous  avez  une  grande 
viteaae,  la  qualite  des  aemi-conductaurs  N  augmente;  alora  vous  avez 
ici  un  genre  de  protection  cathodique  car,  par  le  metal,  nous  avona  une 
diffusion  des  electrons  et  des  ions.  Mais  l'oxyde,  qui  eat  un  aemi- 
conducteur,  tend  i  donner  des  electrons  au  mltal  alora  nous  avona  ici  un 
cas  de  protection  cathodique  contre  la  corrosion  et  si  noua  avona  une 
influence  aux  qualites  mdcanlques  de  l'oxyde  on  augmente  la  viteaae. 
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Stress  Corrosion  Cracking  in  Marine  Environments 
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Stress  corrosion  cracking  is  observed  in  a  vide  range  of 
metallic  materials  that  are  employed  in  marine  environments  and  its 
occurrence  represents  a  major  form  of  component  failure.  It  can  be 
divided  into  two  separate  processes:  crack  nuclation  and  crack 
propagation.  Both  require  chemical  conditions  arising  from  highly 
localized  hydrolysis  reactions  within  relatively  stagnant  regions, 
for  example  within  crevices,  which  give  rise  to  a  local  fall  in  the 
solution  pH.  Such  events  appear  to  occur  during  cracking  in 
ferrous,  aluminium  and  titanium  alloys.  Notches  and  cracks  exert 
a  mechanical  influence  upon  initiation  by  causing  a  localized 
increase  in  stress  and  stress  intensity  factor  (K).  Propagation 
rates  are  highly  dependent  upon  the  value  of  K,  generally  up  to  a 
maximum  propagation  rate. 

The  propagation  process  can  be  conceived  as  a  repetitive 
film  breakdown  and  repair  process  caused  by  the  interaction  of  the 
plastic  deformation  of  the  alloy  occurring  at  the  crack  tip  surface 
vith  the  environment  within  that  region.  Electrochemically,  the 
film  repair  process,  repassivation,  is  of  critical  importance.  It 
is  dependent  upon  electrode  potential,  solution  composition  and  pH. 
Physically,  the  deformation  and  tearing  behaviour  of  the  alloy  is 
important  since  these  processes  create  fresh  metal  area. 

The  important  corrosion  reaction  may  be  an  anodic  or  cathodic 
process.  Selective  dissolution  may  occur  on  a  highly  localized 
scsde  arising  from  repassivation  delay.  Alternatively,  absorbed 
hydrogen  may  cause  local  embrittlement.  It  is  difficult  to 
distinguish  betveen  these  two  processes  for  several  systems  of  stress 
corrosion  cracking.  Such  general  ideas  on  stress  corrosion 
cracking  mechanisms  are  considered  vith  respect  to  specific  alloy 
systems  together  vith  brief  indications  of  protective  measures. 

Key  Words:  Repassivation:  crack  velocity;  stress 
intensity  factor;  plastic  deformation;  stress  corrosion 
cracking  mechanisms. 


1.  Introduction 

Stress  corrosion  cracking  is  a  form  of  marine  corrosion  that  has  always  been  of 
considerable  importance.  It  can  occur  in  a  vide  range  of  different  alloy  systems  and 
often  unexpectedly  insofar  as  it  is  not  alvays  accompanied  by  readily  visible  localized 
or  general  corrosion.  The  consequence  is  a  history  of  frustrating  failures  which  represent 
in  some  cases  considerable  economic  vaste  and  in  a  fev  a  loss  of  human  life.  Over  the  last 
30  years  much  money  has  been  spent  in  attempts  to  overcome  the  problem  or  at  least  to 
reduce  its  occurrence,  either  by  alloy  development  programmes  or  through  the  evolution  of 
protective  systems,  both  subjected  to  extensive  testing  programmes.  In  addition,  much 
effort  has  been  expended  in  studying  the  mechanistic  aspects  of  the  problem  vith  the 
objective  of  solving  it  by  achieving  an  understanding  of  the  fundamental  mechanisms.  One 
result  of  what  has  been  a  prolonged  and  very  costly  effort  has  been  to  produce  improvements 
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in  performance.  The  critical  mechanisms  of  cracking,  however,  have  not  been  elucidated 
although  progress  has  been  made  in  understanding  what  is  a  very  complex  series  of  reactions. 
Much  of  this  progress  has  been  described  in  books  (1-3)1  summarizing  and  assessing  work  from 
a  large  number  of  laboratories. 

In  this  paper  it  is  intended  to  focus  attention  upon  the  main  mechanistic  aspects  of 
the  problem  and  also  to  indicate  likely  advances  in  the  future.  Together  with  a  general 
consideration  of  the  problem  individual  alloy  systems  are  described  briefly  and  possible 
remedial  measures  are  indicated. 


2.  General  Aspects 

For  failure  of  a  metal  component  to  occur  by  stress  corrosion  cracking  certain 
requirements  are  necessary.  Firstly,  the  component  must  be  under  stress.  While  the  stress 
may  arise  from  faulty  design  or  from  extraordinary  demands  made  upon  a  component  in  service, 
commonly  it  arises  from  fabrication,  either  as  a  result  of  a  high  level  of  residual  stress 
or  from  welding,  rivetting  or  any  other  form  of  assembly.  It  is  necessary  to  distinguish 
between  those  components  in  which  the  initiation  of  cracking  will  lead  to  continuing 
propagation  because  of  the  stress  being  maintained  or  increased  on  the  remaining  cross- 
section  until  complete  fracture  occurs  and  others  in  which  the  initiation  of  cracking  will 
result  in  a  lowering  of  stress  with  a  consequent  arresting  of  the  crack  propagation  process. 
A  highly  localized  stress  arising  from  an  inadequate  welding  procedure,  for  example,  may 
only  result  in  very  short  cracks  adjacent  to  the  weld.  These  considerations  emphasize  the 
necessity  of  being  aware  of  the  source  of  the  stress  since  it  vill  affect  the  behaviour  and 
life  time  of  a  component.  Stress  corrosion  cracking  does  not  necessarily  lead  to  failure. 

An  absence  of  complete  failure  is  not  a  useful  service  criterion,  hovever,  since  the 
presence  of  snail  stress  corrosion  cracks  which  have  ceased  to  propagate  is  clearly  not 
acceptable  in  many  service  situations. 

In  addition  to  the  presence  of  a  stress  the  second  requirement  for  cracking  is  the 
presence  of  an  environment  that  can  cause  cracking.  Sea  water  can  cause  stress  corrosion 
cracking  in  some  aluminium,  copper,  magnesium,  manganese,  titanium  and  ferrous  alloys. 

On  the  surfaces  of  the  alloys  electrochemical  reactions  occur,  some  of  which  promote 
failure.  Total  immersion  in  sea  water  is  not  required.  It  is  a  common  observation  that 
thin  layers  of  moisture  promote  corrosion  more  rapidly  than  occurs  under  conditions  of  full 
immersion.  This  arises  from  the  need  for  dissolved  oxygen  at  the  metal  surface.  The 
diffusion  of  this  species  to  the  surface  from  the  atmosphere  occurs  more  rapidly  through  a 
thin  layer  than  through  a  much  greater  distance  as  would  be  necessary  for  an  immersed 
object.  Failures  between  tide  levels  and  in  regions  accessible  by  salt-laden  moist  winds 
are  probably  more  common  than  failure  in  sea  water  and  thereby  make  the  problem  of  stress 
corrosion  cracking  attributable  to  marine  environments  more  extensive  than  might  other¬ 
wise  appear. 

The  process  of  stress  corrosion  cracking  can  be  divided  into  two  separate  parts: 
crack  initiation  and  crack  propagation.  In  recent  years  much  attention  has  been  given  to 
the  propagation  process  while  the  initiation  process  has  been  somewhat  neglected.  For  both 
processes  it  is  important  to  recognize  that  what  occurs  is  a  complicated  sequence  of  events 
that  are  best  considered  under  three  different  headings:  electrochemical,  metallurgical 
and  mechanical.  The  interaction  of  numerous  factors  that  can  be  grouped  under  any  one  of 
those  headings  constitutes  the  mechanism  of  crack  initiation  and  crack  propagation.  To 
consider  one  set  of  factors  in  isolation  is  not  always  productive  and  may  in  some  situations 
result  in  misleading  conclusions.  To  analyze  the  interaction  requires  an  understand  of  the 
kinetics  of  the  various  processes  and  how  they  may  modify  each  other.  Unfortunately  data 
on  this  dynamic  interaction  are  not  plentiful.  However  this  subject  has  been  a  region  of 
progress  recently  and  what  follows  is  a  pictorial  description  of  the  propagation  process 
which  in  a  few  years  time  it  can  be  reasonably  expected  will  be  able  to  be  characterized 
quantitatively.  This  progress  when  accompanied  by  progress  on  initiation  processes  will 
result  eventually  in  predictive  precision  with  respect  to  failure. 


^Figures  in  parentheses  indicate  the  literature  references  at  the  end  of  this  paper. 
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3.  Crack  Initiation 


Tha  initiation  proceaa  can  be  considered  to  achieve  tvo  conditions  vhich  can  be 
described  as  chemical  and  mechanical.  The  chemical  condition  is  that  a  certain  local 
acidity  be  achieved  by  reactions  such  as: 

Me2+  *  HgO  »  Me(OH)g  ♦  2H+  (l) 

For  individual  metals  other  intermediate  and  probably  more  complex  reactions  can  be 
expected.  Provided  that  solution  movement  is  restricted  the  liquid  immediately  adjacent  to 
the  metal  surface  will  gradually  develop  a  pH  dependent  upon  the  hydrolysis  constant  of  the 
metal  chloride  or  upon  a  mixture  of  constants  if  other  anions  that  are  present  in  sea  vater 
participate  significantly  in  this  process.  Lack  of  dissolved  oxygen  is  also  important  in 
contributing  to  the  development  of  localized  acidity  since  its  presence  would  counteract 
the  fall  in  pH  through  the  production  of  alkali  arising  from  its  reduction.  Since  contin¬ 
uous  mixing  of  the  electrolyte  vill  prevent  the  development  of  acidity,  regions  vhere 
stagnant  conditions  are  most  likely  to  prevail  are  of  considerable  importance  in  determining 
initiation  sites,  within,  for  example,  any  kind  of  crevice  and  underneath  surface  deposits 
such  as  corrosion  products  or  adherent  marine  creatures. 

Alloys  used  in  marine  environments  exhibit  little  or  no  corrosion  either  because  they 
develop  protective  films  vhich  resist  breakdown,  e.g.  titanium  alloys,  or  because  they  are 
inherently  unreactive,  e.g.  copper  alloys,  although  even  vith  these  protective  or  unreactive 
layers  s isy  develop.  Before  corrosion  reactions  like  that  indicated  in  equation  (1)  can 
occur  such  films  must  be  broken  down,  a  process  that  may  occur  in  a  number  of  ways.  Break¬ 
down  sites  may  be  associated  vith  previous  faults  in  the  film  arising  from  the  film  structure, 
e.g.  grain  boundaries  in  the  outer  stressed  layers,  or  vith  poor  film  formation  over  faults 
in  the  underlying  metal  surface  arising  from  surface  roughness,  grain  boundaries  or  edges, 
or  vith  chemical  heterogeneities  in  the  film  arising  perhaps  from  heterogeneities  in  the 
surface  either  on  an  atomic  scale  or  on  a  larger  scale  comparable  to  precipitates  or  non- 
metallic  inclusions  (vhich  may  be  a  cause  of  poor  film  adhesion).  Such  sites  and  poor 
mixing  conditions  of  the  environment  together  may  lead  to  film  breakdown.  The  conducting 
properties  of  the  film  and  possible  galvanic  effects  betveen  the  film  and  metal  are  also 
factors  to  be  considered. 

Mechanically  stress  corrosion  crack  initiation  requires  a  stress  vhich  exerts  a 
tensile  component  on  the  surface  layers.  Improvements  in  surface  life  are  cosssonly 
achieved  by  putting  the  surfaces  of  components  into  a  state  of  compressive  stress  by  shot 
peening  or  grit  blasting,  although  the  application  of  such  techniques  can  be  expensive  and 
are  only  effective  if  pitting  or  any  other  form  of  corrosion  does  not  occur  to  a  depth 
comparable  to  the  thickness  of  the  compressed  layer.  With  a  tensile  stress  component  and 
the  localized  development  of  acidity  the  conditions  for  crack  initiation  may  be  achieved. 

One  simple  concept  is  that  the  incipient  pit  provides  a  stress-raising  notch,  i.e.  that  at 
the  base  of  the  pit  the  acting  stress  is  increased  as  a  result  of  restriction  of  flov  of 
the  material.  In  highly  ductile  materials  such  an  idea  does  not  apply  because  of  the  easy 
dissipation  of  stress  concentration  and  it  has  been  demonstrated  that  the  principle  function 
of  pits  in  such  materials  is  chemical  rather  than  physical  (U)1.  In  higher  strength 
materials  the  conditions  under  vhich  pits  or  incipient  cracks  propagate  are  best  described 
from  considerations  of  Fracture  Mechanics.  Propagation  occurs  vhen  a  certain  value  of 
stress  intensity,  K,  is  achieved  and  continues  until  a  maximum  value  of  K  is  reached  vhen 
tensile  overload  fracture  is  then  observed,  a  value  dependent  upon  the  toughness  of  the 
Mterial.  The  stress  intensity  is  calculated  from  specimen  dimensions,  the  acting  stress 
(c),  and  the  square  root  of  the  crack  length  (c),  resulting  in  an  equation  of  the  general 
form: 

K  ■  constant  x  o  x  </c  12) 


^Figures  in  parentheses  indicate  the  literature  references  at  the  end  of  this  paper. 
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Belov  a  certain  value  of  the  crack  tip  radius  (p)  K  is  independent  of  it  ftnd  this  is 
commonly  implied  in  describing  the  crack  ss  shftrp.  Test  specimens  sre  pre-cracked  by 
fstigue  to  ensure  that  this  condition  is  met.  Under  service  conditions  the  incipient  crack 
may  be  quite  blunt.  As  c  increases  above  ft  certain  value  so  does  K.  Blunt  cracks  are 
therefore  less  likely  to  propagate.  What  must  be  avoided  in  practice  are  sharp,  deep  surface 
flaws,  the  actual  values  being  dependent  upon  the  toughness  of  the  material.  During  propa¬ 
gation  p  may  become  larger  than  the  maximum  value  to  satisfy  the  condition  that  K  is 
independent  of  it.  Under  such  circumstances  which  My  occur  in  susceptible  alloys  that 
undergo  appreciable  corrosion,  e.g.  mar aging  steels,  the  effect  of  local  acidity  in  the 
region  of  the  crack  tip  is  to  cause  crack  blunting.  The  alloy  then  undergoes  final  fracture 
at  a  higher  K  value  than  in  air  which  under  Plane  Strain  conditions  is  tC.  and  thereby 
appears  tougher  insofar  as  the  length  of  crack  that  can  be  tolerated  in  (given  component 
before  final  fracture  occurs  is  longer  than  in  air.  Propagation  still  occurs,  however, 
until  a  stress  corrosion  failure  ensues.  Such  consideration',  rjrely  emphasize  the  care  that 
must  be  exercised  in  determining  the  effect  of  the  local  corrosion  reactions  upon  the 
mechanical  aspect  of  the  initiation  and  propagation  processes. 

The  localized  acidity  referred  to  above  occurs  also  during  pitting  corrosion  and 
distinction  must  be  made  betveen  pitting  and  cracking  by  considering  the  additional  effect 
'  -  us  upon  the  chemical  process.  If  the  stress  is  sufficiently  high  to  cause  surface 
straining  then  film  rupture  may  occur  and  this  appears  to  be  a  very  important  consideration. 
The  effect  of  such  rupture  will  be  to  result  in  rapid  attack  on  the  fresh  metal  surface  that 
is  created.  This  non-random  attack  represents  a  particularly  complex  subject  of  considerable 
interest  at  the  present  moment.  Its  description  represents  also  the  transition  betveen 
crack  initiation  and  propagation. 


It.  Crack  Propagation 

The  situation  described  above  is  drawn  schematically  in  Figure  1.  It  is  envisaged 
that  the  metal  surface  is  covered  with  a  film  that  affords  some  degree  of  protection  to  the 
metal  from  the  environment.  As  a  result  of  plastic  deforMtion  the  film  is  ruptured.  On 
the  new  unfilmed  surface  reactions  occur  more  rapidly  than  on  the  filmed  surface  and 
additional  reactions  may  be  initiated  that  do  not  occur  on  filmed  surfaces.  There  are  many 
possible  reactions  in  addition  to  the  reaction  described  in  equation  (l): 


2* 

Me  -  Me* 

♦  2  electrons 

(3) 

H  +  electron  ■ 

H 

(k) 

H  +  H  » 

H2 

(5) 

H  m 

adsorbed 

]| 

absorbed 

(6) 

It  is  probable  that  one  at  least  of  these  reactions  represents  the  primary  corrosion 
reaction  that  causes  crack  propagation.  Often  attempts  are  stade  to  distinguish  between  the 
two  reactions  (3)  and  (6),  referred  to  respectively  as  ’active  path*  and  ’hydrogen 
embrittlement’,  which  represent  the  two  main  mechanisms  that  are  commonly  considered  to 
account  for  crack  propagation. 

In  addition  to  the  reaction  responsible  for  crack  propagation  there  vill  be  a  film 
forming  reaction  on  the  freshly  created  metal  surface  since  the  filmed  state  represents 
both  thermodynamically  and  kinetically  the  stable  state  of  the  alloy  surface.  This  is  of 
critical  importance  since  the  formation  of  the  film  will  tend  to  localize  the  important 
corrosion  reactions  on  the  fresh  metal  surface  as  drawn  in  Figure  1.  The  cracking  process 
can  be  usefully  considered  as  arising  from  two  competing  processes:  fresh  metal  surface 
creation  and  metal  surface  film  formation.  A  laboratory  experiment  (5)1  demonstrating 
this  aspect  of  cracking  is  described  in  Figure  2.  Tensile  specimens  of  a  Ti-5Al-2.5Sn 
alloy  were  strained  dynamically  at  different  crosshead  speeds  while  exposed  to  two 


^Figures  in  parentheses  indicate  the  literature  references  at  the  end  of  this  paper. 
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different  environment*:  (*)  *  3 %  NmCl  aqueous  solution  which  doe*  not  corrode  titanium  alloy* , 
and  (b)  a  MeOH/HCl/H„0  mixture  vhich  doe*  corrode  titanium  alloy*.  At  high  crosshead  speed* 
ductile  failure  occurred  before  there  va*  time  for  stress  corrosion  crack  initiation.  At 
lower  crosshead  speeds  stress  corrosion  crack  initiation  and  propagation  occurred  with  a 
consequent  lowering  in  the  total  elongation  to  failure.  At  the  lowest  crosshead  speeds 
that  were  employed  stress  corrosion  crack  initiation  and  propagation  did  not  occur  in  the 
aqueous  solution  and  it  can  be  concluded  that  reformation  of  the  protective  film,  commonly 
referred  to  as  repassivation  (6)1,  occurred  before  sufficient  corrosion  damage  had  occurred 
to  cause  crack  nucleation.  In  the  methanolic  solution,  however,  since  there  was  no 
possibility  of  repassivation  because  the  mixture  vas  aggressive,  crack  nucleation  and 
propagation  occurred  and  over  the  longer  period  of  time  of  the  experiments  the  length  of 
crack  developed  was  greater  than  in  the  experiments  at  higher  crosshead  speeds  and  the  final 
elongation  to  failure  was  therefore  smaller.  These  experiments  illustrate  the  role  of 
rc/.r.ssivation  in  determining  crack  initiation  and  hov  it  is  related  to  surface  strain-rates. 
The  value  of  the  potential  is  important  as  has  been  demonstrated  by  potentiostatic  straining 
experiments  (7)1.  In  practice,  it  can  be  expected  that  in  marine  environments  under  constant 
strain  conditions  or  those  of  diminishing  stress,  e.g.  around  a  weld,  the  effective  strain- 
rate  would  gradually  diminish  as  a  crack  propagated  and  complete  repassivation  would  cause 
crack  arrest. 

The  requirements  for  stress  corrosion  crack  initiation  and  propagation  when  considered 
with  reference  to  a  repassivation  model  are  quite  stringent.  The  important  factor  would 
appear  to  be  the  repassivation  time.  If  this  is  too  short  insufficient  corrosion  reaction 
will  occur  on  the  unfilmed  metal  surface,  e.g.  insufficient  dissolution  or  hydrogen  uptake, 
whereas  if  it  is  too  long  too  much  corrosion  reaction  will  take  place.  Too  much  dissolution 
will  result  in  a  blunt  fissure  or  pit  or  too  much  hydrogen  will  fail  perhaps  to  localize 
the  weakening  effect  caused  by  the  absorption.  At  the  tip  of  the  crack  the  conditions  for 
what  snist  be  a  narrow,  critical  range  in  repassivation  time  can  be  expected  to  be  very 
specific.  The  pH,  potential,  temperature  and  local  environmental  composition  vill  all  be 
important  in  determining  film  formation  kinetics  while  the  deformation  and  fracture  mode  of 
the  alloy  at  the  local  level  of  stress  that  is  achieved  will  determine  the  manner  in  which 
fresh  metal  surface  is  created.  Such  considerations  demand  knowledge  of  the  interaction 
of  electrochemical,  metallurgical  and  mechanical  events  and  the  repassivation  model  provides 
therefore  a  very  useful  working  hypothesis  that  a  balance  is  established  during  propagation 
in  which  the  rate  of  production  of  new  alloy  area  exceeds  slightly  the  rate  of  repassivation. 

In  practice  the  surfaces  of  metal  components  are  not  strained  at  constant  strain-rates. 
Strained  metals  do  not  generally  deform  in  the  manner  drawn  in  Figure  1.  At  the  tips  of 
propagating  cracks  elaborate  deformation  and  tearing  processes  occur  and  these  will 
determine  the  rate  at  which  fresh  metal  surface  is  created.  This  metallurgical  aspect  is 
important  and  the  different  tearing  modes  of  alloys  may  partly  determine  whether  an  alloy 
is  susceptible. 

Much  recent  work  on  propagation  Btudies  has  provide!  much  new  information  largely 
arising  from  employing  techniques  of  Fracture  Mechanic? .  Once  initiation  has  occurred 
stress  corrosion  cracking  is  only  likely  to  be  a  problem  if  the  subsequent  crack  growth 
rate  occurs  at  a  rate  that  is  significant,  which  will  be  determined  at  least  in  part  by 
the  expected  or  required  lifetime  of  the  considered  component.  Many  recent  studies  have 
been  devoted  therefore  to  measuring  crack  velocity  accurately  as  a  function  of  mechanical, 
metallurgical  and  electrochemical  variables.  This  spproach  has  enabled  many  such  variables 
to  be  assessed  quantitatively  and  their  relative  importance  determined.  This  type  of 
study  has  followed  on  the  developments  of  a  new  test  by  Grown  ( 8 ) 1 .  In  this  the  initial 
stress  intensity  factor  is  plotted  as  a  function  of  time  to  failure  (t, )  on  several  types 
of  standardized  pre-cracked  notched  specimens.  A  typical  result  is  shown  in  Figure  3  in 
which  a  minimum  value  of  K  below  vhich  failure  did  not  occur  vas  observed  and  this  is 
designated  K,  .  Such  a  value  is  of  potential  design  value  since  for  a  maximum  stress 
value  c  can  be  calculated  vhich  can  be  considered  as  a  maximum  flaw  size  that  a  given 
proposed  structure  could  tolerate  without  failure  by  stress  corrosion. 


^Figures  in  parentheses  indicate  the  literature  references  at  the  end  of  this  psper. 
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Mechanical  Variables.  The  relationship  betveen  stress  corrosion  crack  velocity  and  stress 
intensity  factor  has  been  shown  for  aluminium  (9)1  and  titanium  (10)1  alloys  and  for  high 
strength  steels  (11)1.  jt  takes  the  gene:«j.  form  in  Figure  h.  Stage  I  consists  of  a 
logarithmic  dependence  of  crack  velocity  upon  K  (or  possibly  K2)  and  in  the  two  non-ferrous 
alloys  occurs  with  sm  activation  energy  of  ca.  27kcal/gm.mol  (113kJ/mol).  Stage  II  consists 
of  a  region  in  which  the  velocity  is  independent  of  K  and  occurs  with  an  activation  energy 
of  3“5kcal/gm.mol  (12-21kJ/mol) ,  Stage  III  is  rarely  encountered  and  is  characteristic  of 
highly  susceptible  alloys  which  s ire  not  used.  While  there  is  some  variation  according  to 
the  specific  alloy  or  heat  treatment  and  environment  most  systems  exhibit  Stage  II,  which 
represents  a  maximum  velocity,  and  Stage  I  except  for  titanium  alloys  in  sea  water. 

The  lowest  velocity  observed  in  Figure  It  might  be  expected  to  correspond  to  K. 

Accurate  measurements  for  aluminium  alloys  have  shown  (9)1  that  the  velocity  can  8CC 
be  as  low  as  10-11m/sec.  and  in  that  situation  it  is  not  at  all  apparent  that  a  K. 
value  exists.  Instead  a  value  of  K  might  be  chosen  corresponding  to  some  very  cc 
low  negligible  crack  velocity.  The  highest  velocity  observed  is  also  of  significance  since 
'..here  exists  the  possibility  of  developing  alloys  which  have  low  maxima  and  the  use  cf 
such  alloys  might  extend  the  life  of  components  made  from  susceptible  alloys  and  possibly 
reduce  the  incidence  of  dangerous  sudden  failures.  Beneficial  effects  achieved  by  certain 
heat  treatments  or  by  alloying  may  not  only  be  the  result  of  making  initiation  more 
difficult  or  of  raising  K1bcc  if  this  exists  but  also  may  be  the  result  of  reducing 
the  maximum  velocity. 

Metallurgical  Variables.  Practically  all  metallurgical  variables  affect  stress  corrosion 
susceptibility  and  crack  velocity.  On  a  large  scale,  grain  size,  texture  and  heat 
treatment  are  all  important.  An  example  is  shown  in  Figure  5  in  which  the  Stage  II 
velocity  has  been  considerably  lowered  by  overaging  treatments.  Stage  I  is  generally 
shifted  to  higher  K  values  by  such  treatments.  The  relative  shifts  in  the  two  stages 
cannot  be  predicted  ard  must  be  determined  for  each  alloy  since  there  are  wide  variations. 
Clearly  the  determination  of  such  data  is  a  very  helpful  and  necessary  aid  in  alloy 
selection.  On  a  fine  scale,  microstructural  features,  deformation  modes  and  precipitate 
properties  are  all  of  importance.  At  low  plastic  strain  FCC  alloys  and  hexagonal  alloys 
of  titanium  that  are  susceptible  to  transgranular  stress  corrosion  cracking  exhibit  co- 
planar  arrays  of  dislocations.  While  this  observation  is  not  unique  to  susceptible  alloys 
it  does  emphasize  the  importance  of  deformation  mode  since  such  arrays  will  tend  to 
promote  deformation  by  coarse  slip,  a  process  producing  on  a  localized  scale  relatively 
large  amounts  of  fresh  metal  surface.  Such  arrays  are  evidence  also  of  restricted  slip 
and  the  stresses  generated  at  the  ends  of  such  long  arrays  can  be  expected  to  be  exception¬ 
ally  high  so  that  they  may  contribute  significantly  to  the  fracture  process.  At  high  strain, 
however,  such  arrays  cannot  be  seen  and  it  can  be  argued  that  localized  tearing  always 
generates  such  high  strain  that  observations  made  on  thin  foils  are  not  readily  applicable 
to  the  propagation  process.  Stress  corrosion  cracks  are  notable  for  the  large  amount  of 
tearing  that  is  observed,  an  example  of  which  is  shown  in  Figure  6.  The  a  titanium  alloy 
lattice  has  fractured  by  cleavage,  a  characteristic  stress  corrosion  fracture  mode,  yet  the 
cleaved  surface  represents  only  a  small  proportion  of  the  fracture  surface.  The  remaining 
part  of  the  surface  has  undergone  a  process  perhaps  best  described  as  low  energy  tearing, 
a  separation  process  that  is  mechanical,  i.e.  is  not  caused  directly  by  the  environment. 

Such  metallurgical  aspects  of  the  fracture  must  be  considered  in  relation  to  electro¬ 
chemical  reactions.  It  is  commonplace  to  attempt  to  analyze  crack  propagation  by  faradaic 
equivalence.  The  current  density  required  to  dissolve  metal  at  a  rate  corresponding  to  the 
crack  velocity  is  calculated.  For  some  alloys,  e.g.  of  titanium,  current  densities  in 
excess  of  102A/cm^  are  required  (12)1  and  it  is  not  clear  how  these  might  be  maintained  even 
if  initiated.  In  reality  such  high  values  are  not  required  because  large  amounts  of 
fractures  are  torn  mechanically.  Similar  arguments  can  be  made  concerning  discrepancies 
between  crack  velocities  and  hydrogen  diffusion  kinetics  in  analyses  (5)1  of  cracking 
mechanisms  in  the  same  alloy  system  concerning  which  there  is  some  dispute.  While  such 

^Figures  in  parentheses  indicate  the  literature  references  at  the  end  of  this  paper. 


natter*  require  careful  quantitative  examination,  enough  can  be  *een  in  fractographa  to 
allov  rather  siaple  calculation*  to  be  diiregarded. 

Electrochemical  Variable*.  The  effect  of  variation  of  electrochemical  potential  on  (trees 
corrosion  susceptibility  in  marine  environments  is  veil  known  for  a  number  of  practical 
saioy  systems .  Some  can  be  cathodically  protected  and  this  may  be  a  practicable  solution 
for  cosiponents  that  are  iaaKrsed  continually.  Alloys  subject  to  hydrogen  embrittlement 
cannot  normally  be  cathodically  protected.  High  strength  steels,  for  example,  are 
dependent  upon  strength  level  vhich  in  turn  determines  the  tolerance  of  the  steel  for 
hydrogen.  K.  is  affected  mainly  by  heat  treatment  and  not  by  the  value  of  the  potei  tial, 
as  shown  in  r!|Sre  7. 

The  effect  of  potential  upon  crack  velocity  depends  upon  the  alloy  system.  In 
aluminium  alloys  both  Regions  I  and  II  are  lovered  (9)1  as  the  specimen  becomes  more  catho¬ 
dic  and  for  titanium  alloys  (10K  similar  behaviour  is  observed  as  shown  in  Figure  8  and  an 
approximately  linear  relationship  is  observed  between  the  average  velocity  and  potential 
over  a  wide  range  of  potential  (l500mV).  In  practice  it  is  conceivable  that  even  partial 
cathodic  protection  may  prove  sufficient  to  lover  the  incidence  of  stress  corrosion  failures, 
a  point  of  importance  where  the  alkalinity  developed  may  affect  adversely  protective  paint 
finishes.  In  high  strength  steels  moving  the  potential  in  either  the  anodic  or  cathodic 
direction  from  the  value  of  the  open  circuit  potential  causes  increases  in  velocity  (11)  . 

At  the  tips  of  stress  corrosion  cracks  in  aluminium,  titanium,  magnesium  and  ferrous 
alloys  hydrogen  evolution  occurs  and  it  is  an  unresolved  question  vhether  the  evolution  is 
accompanied  by  absorption  as  indicated  in  equation  (6)  vhich  causes  some  form  of  localized 
embrittlenent  contributing  to  the  stress  corrosion  fracture.  In  high  strength  steels 
hydrogen  appears  to  be  the  species  that  causes  cracking  but  in  other  systems  many  questions 
remain  unanswered.  Cathodic  protection  may  occur  in  alloys  subject  to  hydrogen  eeibrittle- 
ment  since  film  formation  may  interfere  with  hydrogen  entry  (5).  Anodic  polarization  may 
promote  increases  in  local  acidity  and  thereby  promote  hydrogen  absorption.  The  relation¬ 
ship  betveen  potential  and  cracking  cannot,  therefore,  be  interpreted  without  more  knowledge 
of  the  system  under  investigation. 


5.  Discussion 

Hie  points  discussed  above  are  '  -  a  general  kind  and  find  application  to  all  systems 
of  stress  corrosion  cracking.  To  that  extent  the  systems  of  cracking  have  much  in  comon 
although  it  must  be  amphasi ccd  that  specific  mechanisms  have  not  been  fully  elucidated. 

Some  further  simple  points  0  now  be  made.  Since  it  is  necessary  for  corrosion  to  occur, 
alloys  resistant  to  corrosion  wxil  show  marked  resistance  to  stress  corrosion.  This  is 
particularly  applicable  to  titanium  alloys  which  for  many  years  were  thought  to  be  immune. 
Cracking  in  titanium  alloys  is  dependent  upon  the  development  of  crevices,  commonly  occurr¬ 
ing  vithin  pre-existing  flaws.  In  marine  environments  failures  are  very  rarely  encountered 
in  practice.  With  other  alloys  similar  considerations  apply.  Protective  treatments  that 
prevent  pitting  or  corrosion  of  any  other  kind  will  reduce  the  occurrence  of  stress  corro¬ 
sion  failures.  Coupling  to  dissimilar  metals  may  prove  beneficial  or  harmful  since  the 
result  vill  depend  upon  the  anodic  or  cathodic  polarization  characteristics  of  the  alloy 
as  discussed  above. 

With  aluminium  alloys  pitting  occurs  in  marine  environments  and  stress  corrosion 
susceptibility  largely  depends  upon  metallurgical  properties,  particularly  strength  as 
discussed  above.  Alloy  selection  is  usually  based  upon  strength,  alloy  content  and  a 
protective  finish  that  together  exhibit  maximum  corrosion  resistance.  Corrosion  of  alu- 
minium  occurs  with  film  thickening  accompanying  pitting.  The  presence  of  the  chloride  ion 
may  not  be  necessary  for  crack  propagation.  Cracking  in  Region  II  can  occur  in  atmospheres 
with  a  relative  humidity  <1*  (9)1  under  vhich  condition  there  is  no  permanent  wetting.  It 
then  appears  that  the  velocity  is  dependent  upon  the  reaction  of  water  molecules  with  metal 
atoms  at  the  crack  tip.  It  is  possible  that  the  role  of  the  chloride  ion  under  conditions 
of  permanent  vetting  is  to  maintain  acidic  conditions  at  the  crack  vhich  maintain  the  sur¬ 
face  in  the  region  of  the  crack  tip  bare  (or  in  a  poor  state  of  film  coverage)  for  the 


^Figures  in  parentheses  indicate  the  literature  references  at  the  end  of  this  paper. 
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critical  corrosion  reaction  and  also  for  the  discharge  of  hydrogen  ions  vhich  appears  to  be  an 
important  rate  determinant  (13)1.  That  the  Region  II  velocity  increases  as  the  chloride 
ion  concentration  is  increased  (9)1  may  be  caused  by  the  influence  that  the  ion  has  upon  the 
quality  of  the  film  maintained  at  the  crack  tip.  The  possibility  of  adsorbed  halide  ions 
promoting  the  entry  of  hydrogen  atoms  into  the  lattice  also  cannot  be  ruled  out. 

Little  work  has  been  reported  on  the  stress  corrosion  cracking  of  copper  alloys  in  sea 
vater.  High  tensile  brasses  are  highly  susceptible  (lb)1  particularly  in  the  all  f)  condi¬ 
tion  which  is  associated  with  rapid  cooling  conditions  such  as  occur  around  a  veld.  A 
Cu-Ni-Al  has  also  been  observed  to  crack  in  the  wrought  condition  but  not  in  the  cast 
condition  (15)1  but  since  only  very  slov  propagation  occurred  when  specimens  were  tested 
at  95%  K  susceptibility  is  slight.  The  alloy  appears  to  undergo  localized  selective 
dissolution,  possibly  of  the  aluminium.  Copper  alloys  rich  in  zinc  are  susceptible  to 
stress  corrosion  cracking  in  environments  containing  ammonia  a  source  for  which  can  be  bird 
droppings  (16)1.  Estuarine  waters  containing  sulphide  residues  also  cause  cracking  in  these 
alloys.  Low  temperature  stress-relief  or  annealing  both  lover  susceptibility.  The  mechanism 
of  cracking  in  these  alloys  is  out  of  'active  path*  insofar  as  hydrogen  evolution  does  not 
occur  but  whether  the  principal  reaction  is  dissolution  or  repeated  film  formation  followed 
by  fracture  is  not  settled  in  all  instances. 

Manganese-copper  alloys  containing  additional  solute  elements  such  as  aluminium  are 
used  in  marine  environments.  Because  of  their  high  damping  capacity  they  are  suitable  for 
use  in  propellers.  The  binary  alloys  70Mn-30Cu  to  90Mn-10Cu  are  highly  susceptible  to  stress 
corrosion  cracking  in  sea  vater  (17)1  but  this  can  be  avoided  by  cathodic  protection,  a 
situation  that  may  arise  naturally  from  the  proximity  of  the  hull.  The  failure  is  mainly 
intergranular  as  shown  in  Figure  9  in  vhich  very  little  plastic  deformation  can  be  observed 
in  the  fracture  surface  although  the  particular  alloy  is  highly  ductile  when  broken  in  air. 

The  enhanced  reactivity  of  the  grain  boundary  which  causes  them  to  be  preferentially  dissol¬ 
ved  may  be  caused  by  preferential  segregation  of  manganese  to  those  regions.  There  is  no 
experimental  evidence  for  such  segregation  although  it  could  be  inferred  from  the  observation 
that  during  the  aging  process  that  results  in  a  maximum  damping  capacity  a  manganese 
precipitates  are  formed  in  the  grain  boundaries.  In  aged  alloys  these  are  dissolved  during 
cracking.  Susceptibility  is  little  affected  by  the  aging  process.  During  cracking  manganese 
and  copper  are  dissolved  with  copper  deposition  which  provides  very  efficient  local  cathodes. 
The  fracture  of  corrosion  product  may  be  part  of  the  cracking  process  which  in  stifling 
localized  dissolution  can  be  described  as  being  partly  protective  and  causing  localized 
attack  where  it  is  broken.  Protection  and  lover  susceptibility  can  be  expected  if  solute 
elements  are  added  which  will  cause  the  formation  of  protective  films . 

6.  Conclusion 

Considerable  progress  has  been  made  in  the  last  few  years  in  the  understanding  of 
stress  corrosion  cracking.  The  increasing  emphasis  on  quantitative  analyses  is  a  particu¬ 
larly  velcome  sign  since  in  addition  to  providing  data  vhich  should  help  in  the  development 
of  non-susceptible  alloys,  it  should  also  enable  the  use  of  susceptible  alloys  to  be 
extended.  Such  progress  can  be  expected  to  continue  over  the  next  few  years  and  this  will 
lead  to  increased  confidence  in  designing  structures  and  protective  systems  in  which  the 
incidence  of  stress  corrosion  failure  is  minimized. 


figures  in  parentheses  indicate  the  literature  references  at  the  end  of  this  paper. 

References 

1.  H.L.  LOGAH,  The  Stress  Corrosion  of  Metals,  Wiley,  New  York  (1966). 

2.  Fundamental  Aspects  of  Stress  Corrosion  Cracking  (ed.  R.W.  Staehle,  A.J.  Forty  and 
D.  van  Rooyen),  N.A.C.E.  Houston,  Texas  (1969). 

3.  The  Theory  of  Stress  Corrosion  Cracking  in  Alloys  (ed.  J.C.  Scully),  N.A.T.O. 
Brussels  (1971). 

It.  I.S.  McCOLLOUGH  and  J.C.  SCULLY,  Corros.  Sci.,  9,  615  (1969). 


5.  J.C.  SCULLY  and  D.T.  POWELL,  Corros.  Sci.,  10,  3?1  (1970). 

6.  J.C.  SCULLY,  Corros.  Sci.,  7,  197  (l9o7). 

7.  T.R.  BECK,  ref.  2,  p.605. 

8.  B.F.  BROWN,  Met.  Rev.,  13,  171  (1966). 

9.  M.O.  SPEIDEL,  ref.  3,  p.289. 

10.  J.A.  FEENEY  and  M.j.  blackburn,  ref.  3,  p.355. 

11.  B.F.  BROWN,  ref.  3,  p.186. 

12.  T.R.  BECK,  ref.  3,  p.6i. 

13.  A.J.  SEDRIKS,  J.A.S.  GREEN  and  D.L.  NOVAK,  Met.  Trans.,  1,  1815  (1970). 
ll*.  J.N.  BRADLEY,  Int.  Met.  Rev.,  17,  81  (1972). 

15.  P.  DODD  and  J.C.  SCULLY,  work  in  progress. 

16.  B.F.  PETERS,  J.A.H.  CARSON  and  R.D.  BARER,  Mater.  Prot.,  I*,  2lt  (1963). 

17.  R.H.  BILLINGHAM  and  J.C.  SCULLY,  in  preparation. 


Figure  1.  Schematic  representation  of  the  crack  propagation 
process.  1.  Film-covered  crack  tip  surface.  2.  Under  the 
influence  of  a  tensile  stress  a  slip  plane  moves  and  creates 
a  slip  step  (A)  vhich  breaks  the  film.  3.  The  film  reforms  on 
most  of  the  freshly  created  surface  leaving  only  a  small  part 
vhich  is  corroded  and  vhich  may  be  a  site  for  hydrogen  absorption. 
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Figure  2.  The  elongation  to  fracture  of  tensile  specimens 
of  Ti-5Al-2.5Sn  alloy  of  3em  gauge  length  in  3>  aqueous  NaCl 
and  MeOH+llHCl  environments  as  a  function  of  Inatron  croaahead 
speed  (5). 


Figure  3.  Schematic  diagram  illustrating  the  relationship  between 
the  initial  stress  intensity  factor  and  time  to  fracture  in  stress 
corrosion  tests.  Not  all  alloy  systems  exhibit  a  Kllcc  (10). 
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Figure  U.  General  form  of  the  relationship  between  stress  corrosion 
crack  velocity  and  stress  intensity  factor  found  for  a  number  of 
different  alloy  systems.  Stage  III  is  not  often  found  (10). 


imsi  iimwinnn  »»'wi 


Figure  5.  Effect  of  overaging  on  stress  corrosion  crack 
velocity  in  A1  alloy  7178  (9)> 
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Figure  6.  Scanning  electron  micrograph  of  part  of  a  stress 
corroaion  fracture  surface  of  Ti-0.29  0  alloy.  The  stress 
corrosion  cleavage  represents  only  a  small  part  of  the  surface 
while  the  rest  consists  of  elongated  torn  regions.  630X. 


trrtCT  OF  ELECTROCHEMICAL  POLARIZATION 
ON  CRACKMG  THRESHOLD  STRESS  *  TENSITY 


Figure  7.  The  effect  of  electrochemical  potential  on  K.  for  AISI 
steel  heat  treated  to  5  different  strength  levels  (8).  8CC 
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Figure  8.  Stress  corrosion  crack  velocity  v.  stress  intensity 
factor  for  Ti-8Al-lMo-lV  alloy  in  0.6M  aqueous  KI  solution  at 
three  different  potentials  (10). 


ftraulaUMtty  (Xiivu) 


Figure  9.  Scanning  electron  micrography  of  part  of  a  stress 
corrosion  fracture  surface  of  70Mn-30Cu  alloy.  The  stress 
corrosion  intergranular  surface  exhibits  very  little 
deformation  (17).  1»50X. 
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Diacuaaion 


A  queation  on  cellular  va.  planar  dialocation  arraya  brought  the 
guarded  reply  that  the  latterTended  to  give  tranagranular  cracking  while 
the  former  tended  to  give  intergranular  cracking.  Another  point  concerned 
the  fact  that  at  a  potential  of  plua  1000  mv  (SHE)  one  might  infer  that  H 
could  not  poaeibly  be  reaponaible  for  cracking.  The  author  pointed  out 
however,  that  much  more  anodic  potentiala  atill  produced  pita  from  which  H 
waa  evolved,  and  therefore  the  obaervation  that  cracking  occurred  at  plua' 
1000  mv  did  not  diaprove  anything  with  reapect  to  H. 


The  Development  of  a  High  Strength  Due til#  Stainlaaa  Staal 
of  improved  corrosion  rasistanca  in  Marina  and  Chaalcal  Environments 

W.H.  Richardson,  B.Sc.  A.I.M. ,  p.  Guha,  B.Sc.  and 
R.  Machin,  B.Sc.  A.R.C.S.T. 

Lang  lay  Alloys  L lml  tad 
Lang lay ,  Slough,  Bucks.  England 

Tha  davalopaant  is  tracad  of  FERRALIUM(I) 1'2,  a  duplax  farritic/ 
austanitic  pracipitation  hardaning  stainlass  staal,  which  contains 
chroaium  and  5%  nicksl,  with  controlled  amounts  of  molybdenum  and  copper . 
Tha  signlficanca  of  chromium,  nickal,  copper  and  nitrogen  contents  on 
the  mechanical  properties  and  corrosion  resistancs  of  the  basic  alloy 
are  demons tratsd. 

The  alloy  cos>position  was  thereby  finalised  as  - 

»  Chromium  t  Nickel  »  Molybdenum  %  Copper  %  Nitrogen 

24.5-2S.5  5.0-6. 0  2. 0-3.0  1.0-3. 5  0.13-0.25 

Fotentiostatic  studios  using  a  Hanking  potentlostat  and  stepping 
motor  ware  used  throughout  tha  initial  development  and  production  trial 
stages  to  examine  the  affects  of  compositional  and  heat-treatment 
variables  on  corrosion  resistance.  These  were  supported  by  laboratory 
imarsion  teats  and  by  field  trials. 

The  successfully  achieved  target  properties  of  high  strength  and 
ductility,  together  with  good  corrosion  resistance  in  sulphuric  acid 
and  pitting  rasistanca  in  chloride  solutions  are  demonstrated. 

Data  are  presented  on  stress  corrosion  and  corrosion  fatigue 
properties  in  chloride  environments. 

Results  era  included  of  successful  production  trials  which  enabled 
all  coasaon  wrought  forms  of  the  alloy  to  be  produced  in  addition  to 
castings . 

Significant  marina  applications  of  cast,  wrought  and  weld 
fabricated  components  are  discussed. 


Kay  words  t  Alloy  devslopmenti  stainless  steel)  corrosion  resis¬ 
tance)  pitting  resistance)  potentiostatic  studies)  breakdown 
potential)  heat-treatment)  microstructura)  workability)  applications. 


Introduction 

Traditionally,  for  critical  componants  in  marina  engineering,  copper  and  nickel  alloys 
have  bean  used  due  to  their  superior  corrosion  resistance.  Recent  search  for  improved 
combinations  of  strength,  ductility  and  corrosion  resistance  has,  therefore,  been  devoted  to 
copper  and  nickal  alloys  (2,3,4)  and  this  combination  has  proved  to  be  difficult  to  achieve. 

Austenitic  stainless  steels  are  necessarily  low  strength  alloys  and  have  not  been  used 
in  marine  environments  due  to  their  likelihood  of  suffering  pitting  and  crevice  corrosion. 
Attempts  at  increasing  the  strength  of  these  alloys  have,  as  a  rule,  resulted  in  sacrifice 
of  some  corrosion  resistance. 

Ferritic-austenitic  steels,  however,  possess  superior  combinations  of  strength  and 
corrosion  resistance  and  this  paper  describes  the  development  of  such  a  duplex  steel  - 
FLXRALXUM. 


1.  Figures  in  parentheses  indicats  the  literature  references  at  tha  end  of  this  paper. 

2.  FERRALIUM  is  a  registered  trademark  of  Langley  Alloys  Limited. 
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High  chromium  ferritic-austenitl  i  itnli  have  Indeed  been  known  for  some  time  and 
have  been  used,  for  example,  to  hand.  ■  sulphite  in  the  paper  pulp  industry.  Bovever,  due  to 
their  inherent  lack  of  ductility  and  other  fabrication  problems,  as  pointed  out  by 
Moneypenny(S) ,  duplex  alloys  have  not  received  wide  applications.  They  were  found  to  be 
difficult  to  hot  work,  their  rate  of  work  hardening  was  excessive,  and  they  were  embrittled 
during  welding  operations. 

Thus,  for  example,  although  specifications  for  cast  and  wrought  stainless  steels  have 
been  revised  by  the  British  Standards  Institution  in  recent  years,  these  specifications 
include  no  alloy  containing  more  than  20%  chromium  and  the  steels  covered  are  mostly 
austenitic  in  structure. 

To  the  best  of  the  authors'  knowlsdge,  the  only  American  specification  for  a  wrought 
stainless  steel  of  the  duplex  type  is  AISI  329.  This  alloy  suffers  from  the  shortcomings, 
previously  discussed,  of  the  high  chromium  duplex  steels  and  is  recommended  for  use  only  in 
the  fully  annealed  condition.  More  recently  a  cast  alloy  of  this  type  has  been  developed 
which  is  covered  by  a  tentative  Alloy  Casting  Institute  specification  CD4MCu.  However, 
certain  inherent  ductility  and  quench-cracking  problems  still  exist  and  no  wrought  alloys 
of  this  nature  are  available. 

The  somewhat  different  situation  on  the  continent  of  Europe,  where  ferritic-austenitic 
steels  and  high  chromium  ferritic  steels  have  been  more  widely  used,  was  probably  created 
by  the  nickel  shortage  during  World  War  II.  However,  most  of  these  alloys  still  suffer 
from  the  shortcomings  of  the  early  ferritic-austenitic  steels. 

Research  on  the  inter-relationship  of  compositional  and  alcrostructural  variables  on 
the  ductility  and  formabillty  of  high  chromium  ferritic-austenitic  steels  has  shown  that 
by  control  of  composition  and  heat  treatment,  it  is  possible  to  produce  a  ferritic- 
austenitic  steel  which  can  be  easily  hot-worked,  cold-worked,  welded  and  possesses  an 
excellent  combination  of  corrosion  resistance,  pitting  resistance,  high  strength  and 
ductility.  This  paper  describes  how  this  was  achieved  at  Langley  Alloys  Limited  in  the 
development  of  FERRALIUM,  a  ferritic-austenitic  steel,  possessing  all  the  above  properties, 
which  is  now  in  commercial  production,  not  only  as  castings,  but  in  all  common  wrought  forms. 

STAGE  1 


Initially  the  object  of  this  development  was  to  produce  a  cast  stainless  steel  of  high 
strength  and  hardness  with  corrosion  resistance  at  least  equivalent  to  the  high  quality 
molybdenum-bearing  austenitic  stainless  steels  of  the  AISI  316  type.  It  was  believed 
that  the  high  strength  and  hardness  of  such  a  steel  would  enhance  its  performance  in  many 
applications  handling  slurries,  aggregates,  etc. 

At  the  outset  we  were  well  aware  of  the  excellent  combination  of  mechanical  properties 
obtainable  in  the  precipitation-hardening  stainless  steels  containing  13%  to  17%  chromium 
and  4%  to  7%  nickel.  These  stainless  stsels  in  general,  however,  possessed  inferior 
corrosion  resistance  to  austenitic  stainless  steels,  and  were  seldom  used  in  chemical 
or  marine  lnduetry. 

Starting  from  the  known  high  strength  of  the  duplex  austenitic-ferritic  steels,  plus 
the  addition  of  a  precipitation  hardening  mechanism,  Stage  1  of  our  development  was  aimed 
at  a  composition  and  heat-treatment  which  would  give  at  least  a  two-fold  increase  in 
strength  over  austenitic  steels  with  no  loss  of  ductility  (e.g.  BS1632  Grade  A  covering 
16CrlON13Mo  steel  castings  specifies  0.5%  Proof  Stress  of  13.5  Tons/sq.inch  <208MN/nr) 
and  elongation  of  22%  min.) 

Effects  of  composition  on  mechanical  properties 

The  initial  composition  was  based  on  a  ferritic-austenitic  steel  containing  25% 
chromium,  5%  nickel  and  l.S%  molybdenum.  The  molybdenum  content  was  raised  to  2.5%,  the 
amount  considered  necessary  in  austenitic  steels  for  optimum  corrosion  resistance,  and  3% 
copper  was  added  to  assist  in  producing  the  desired  precipitation  hardening  mechanism  and 
also  for  its  well-known  beneficial  effect  in  resisting  corrosion  in  non-oxidising 
conditions. 
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Mechanical  properties  obtained  from  all  casts  in  Stage  1  are  detailed  in  table  1, 
those  on  the  above  cosposltion  being  presented  under  alloy  No.l.  Although  the  strength 
target  had  been  achieved,  low  ductility  and  impact  properties  were  obtained  in  all 
conditions  of  heat-traataent,  associated  with  cleavage  fractures.  Based  on  the  authors' 
experience  of  the  beneficial  effects  of  nitrogen  additions  on  the  ductility  of  28%  chromium 
ferritic  steels,  this  was  added  to  the  above  compos  1  tlon  and  alloy  Nos.  2  and  3  in  table  1 
demonstrate  the  significant  improvement  in  ductility  thereby  obtained.  The  effect  of 
nitrogen  addition  is  most  pronounced  in  the  as-cast  condition,  thus  providing  significant 
potential  advantages  in  the  fettling  and  welding  of  castings.  Although  soaw  reduction  in 
proof  stress  was  shown  by  ths  nitrogen-containing  steel  in  the  as-cast  condition,  the  target 
of  an  excellent  combination  of  strength  and  ductility  had  been  achieved. 

rurther  experimental  compositions  were  then  studied  to  determine  the  effects  on 
mechanical  properties  of  varying  chromium  (alloy  Nos.  4-7)  and  nickel  (alloy  Nos.  8  -  11) 
contents  on  the  nitrogen-bearing  steel. 

It  will  be  seen  from  alloy  Nos.  4-7  that  ductility  and  Impact  resistance  were  reduced 
as  the  chromium  content  was  increase J  beyond  25%  -  26%,  these  reductions  being  more 
significant  in  the  case  of  the  lower  nickel  and  rutrogen  contents  (alloy  5) .  The  results  of 
alloys  Nos.  8-11  demonstrated  that  increasing  the  nickel  content  per  se  reduced  strength 
and  increased  ductility. 

Heat-treatment 

It  is  also  apparent  from  table  1  that  precipitation  hardening  temperature  also  plays 
an  important  part  in  the  resultant  properties  obtainable  and  that  precipitation  temperatures 
of  500°C.  or  above  are  necessary  to  maintain  a  good  combination  of  strength  and  ductility. 

STAGE  2 

Preliminary  corrosion  tests  were  carried  out  during  Stage  1  of  the  development  and 
it  soon  became  apparent  that,  in  addition  to  the  excellent  combination  of  mechanical 
properties  obtained,  the  alloy  range  being  studied  possessed  corrosion  resistance  superior 
to  that  of  the  18CrlON13ho  austenitic  stainless  steels  in  many  environments.  It  was  also 
found  that  the  pitting  resistance  in  chloride  solutions  was  far  superior  to  that  of  any 
austenitic  stainless  steels.  This  combination  of  corrosion  and  pitting  resistance  led  to 
Stage  2  of  the  development,  which  involved  a  more  detailed  study  of  the  effects  of 
composition,  heat-treatment  and  microstructural  variables  on  corrosion  resistance. 

Extensive  use  was  made  of  potentlostatic  techniques,  using  either  breakdown  potential 
or  current/time  studies  at  potentials  approaching  the  breakdown  potential.  The  effects 
of  various  alloying  additions  on  corrosion  and  pitting  resistance  are  detailed  in  Pigs.l  -  3. 

Effect  of  composition  on  corrosion  resistance 

Potentlostatic  studies  were  carried  out  using  a  Honking  potentiostat.  The  stepping 
rate  during  polarisation  was  maintained  at  lOmV/min.  using  a  stepping  motor.  The 
polarisation  cell  set-up  and  electrode  holder  were  as  recommended  by  Greene (6). 

Polarisation  was  carried  out  according  to  the  recommendations  of  the  astm  G.l  Committee. 

All  test  solutions  were  purged  with  0 2  free  high  purity  nitrogen. 

Plg.l  Shows  the  results  obtained  from  constant  potential  tests  with  varying  nickel 
content,  from  which  it  can  be  seen  that  pitting  resistance  was  adversely  effected  by  nickel 
contents  outside  the  range  5%  -  6%.  Similar  tests  with  varying  chromium  contents  (rig. 2) 
show  that  chromlusi  contents  below  24.5%  can  be  related  to  a  marked  decrease  in  resistance 
to  pitting. 

The  results  of  potentlostatic  tests  with  varying  copper  contents  shown  in  Fig. 3, 
demonstrated  the  necessity  to  maintain  a  copper  content  over  0.5%  in  order  to  reduce  the 
corrosion  rate  in  chloride  solution  to  an  acceptable  level. 

Effects  of  heat-treatment  and  mlcrostructure  on  corrosion  resistance 

Having  arrived  at  the  composition  range  for  this  alloy,  further  studies  showed  that 
heat- treatment  and  mlcrostructure  had  a  most  significant  effect  on  corrosion  resistance. 
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In  the  relatively  slowly  cooled  ae-caet  or  hot-worked  condition,  tie  microstructure 
consists  of  grains  of  austenite  in  a  matrix  of  ferrite  with  precipitated  intermetalllc 
phases  in  the  ferrite  grains  (rig. 4).  Annealing  at  1120°C.  followed  by  water  quenching 
results  in  a  microstructure  coeipletaly  free  of  such  precipitated  phases  (rig. 5)  which 
can  be  related  to  the  vast  improvement  in  corrosion  resistance  as  indicated  by  potentio- 
static  tests,  the  results  of  which  era  shown  in  rig.  6  and  7. 

Subsequent  precipitation  hardening  of  the  pure  auatenite/ferrlte  structure  has  little 
effect  on  the  corrosion  resistance  in  chloride  provided  that  the  precipitation  hardening 
treatment  is  carefully  controlled  in  order  not  to  cause  overageing.  Corrosion  tests  on 
samples  aged  at  various  times  and  teeiperatures  indicate  that  SOO°C.  is  the  optimum  ageing 
temperature  and  that  the  time  at  temperature  should  not  exceed  4  hours.  Fig. 8  shows  the  loss 
in  corrosion  resistance  on  ageing  at  530°C. 

At  this  stage  it  was  concluded  that  an  alloy  could  be  produced  which  when  suitably  heat- 
treated  would  possess  the  required  combination  of  : 

a)  Strength 

b)  Ductility 

c)  General  corrosion  resistance 

d)  Pitting  resistance  in  presence  of  chloride  ions 

The  composition  of  this  alloy  would  fall  within  the  following  range  i 

»  Chromium  *  Nickel  %  Copper  »  Molybdenum  »  Nitrogen 
24.5-25.5  5. 0-6.0  1.0-3. 5  2.0-3.0  0.13-0.25 

PRODUCTION  TRIALS 

This  steel  was  designated  FERRALIUM  and  was  subjected  to  exhaustive  trials  for  the 
production  of  castings,  forgings,  rolled  bar,  sheet  and  plate,  welded  components, 
extrusions,  wire  and  tube. 

Complex  castings  involving  changes  of  section  and  welding  were  successfully  produced 
to  radiographic  standards. 

In  spite  of  the  duplex  nature  of  the  alloy  at  hot  working  temperatures,  the  steel 
proved  to  be  amenable  to  hot  working,  and  rolled,  forged  and  extruded  products  were 
successfully  produced.  Cold-rolled  sheet  and  cold-drawn  wire  and  tube  were  also  made 
without  difficulty.  Due  to  the  relatively  high  strength  of  the  alloy  in  the  annealed 
condition,  the  power  requirements  were  found  to  be  higher  than  for  cold  working  austenitic 
steels  but  the  rate  of  work-hardening,  was  comparable.  60%  -  70%  cold  reductions  for  sheet 
and  tube  production  and  over  95%  reduction  in  wire  drawing  were  achieved. 

Corrosion  tests  carried  out  during  the  various  stages  of  production  confirmed  earlier 
results  that  heat-treatment  and  microstructure  played  an  important  part  in  determining 
the  corrosion  resistance  of  the  alloy  and  that  a  close  control  of  both  was  essential  to 
safeguard  corrosion  and  pitting  resistance, 

ASSESSMENT  OF  PRODUCTION  ALLOY 

FERRALIUM  produced  to  optimum  composition,  hsat-treatment,  etc.  was  subjected  to 
extensive  laboratory  corrosion  tests  and  flsld  trials.  Results  of  these  laboratory  tests 
are  detailed  in  Figs.  9-12. 

General  corrosion  resistance  in  sulphuric  acid  was  evaluated  not  only  by 
potentiostatic  tests  in  IN  and  ION  solutions,  the  latter  being  illustrated  in  Fig. 9,  but 
also  by  various  immersion  tests,  results  of  which  are  presented  as  an  iso-corrosion  chart 
in  Fig. 10.  Comparative  data  on  18CrlONi3Mo  alloy  are  also  given. 

The  current  density  peak  of  FERRALIUM  in  ION  sulphuric  acid  is  significantly  lower  than 
that  of  the  austenitic  steal  (Fig. 9).  These  results  have  been  confirmed  by  the  isssersion 
test  data  summarised  in  Fig. 10,  which  show,  over  a  wide  range  of  cc"  centratlons ,  the 
superiority  of  the  developed  alloy. 
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Study  of  the  polarisation  characteristics  of  FERRALIUM  (Fig.  11)  in  3% 
NaCl  solution  showed  the  high  breakdown  potential  at  over  800  mV  at  20*C 
which,  although  it  is  decreased  to  600  mV  as  the  test  temperature  is  raised 
to  40*C,  yet  even  at  that  temperature  is  considerably  higher  than  the  200  mV 
shown  by  18Crl0Ni3Mo  at  30*C. 

Although  the  pitting  potential  of  the  alloy  is  reduced  at  lower  pH 
levels  (Fig.  12),  it  is  still  around  300  mV  at  pH  of  l.S  at  40*C.  The 
active  current  density  shown  in  this  figure  by  18CrlONi3Mo  indicates  a 
tendency  to  general  corrosion  in  acid  chloride  which  is  not  shown  by 
FERRALIUM. 

Cast  and  wrought  samples  were  immersed  in  Langstone  Harbour  for  a 
period  of  two  years.  One-half  of  each  specimen  was  held  under  a  perspex 
gasket  to  create  a  crevice  condition.  There  was  a  total  absence  of  any 
sign  of  crevice  corrosion  after  two  years.  The  initial  and  final  weights 
(grams)  of  the  samples  were  as  follows s  cast  alloy,  solution  treated  and 
aged,  69.429,  69.426;  rolled  plate,  solution  treated,  86.370,  86.381;  and 
rolled  bar,  solution  treated  and  aged,  104. 165,  104.162.  It  is  of  interest 
to  note  additionally  that  inscriptions  vibro-etched  on  the  samples  before 
immersion  were  free  of  corrosion  products  after  the  end  of  the  two-year 
test. 


To  provide  additional  data  relating  to  applications  in  sea  water,  a 
programme  of  corrosion  fatigue  and  stress  corrosion  testu  was  carried  out. 
The  satisfactory  results  of  these  tests  are  shown  in  Figs.  13  and  14. 

SUMMARY  AND  APPLICATIONS 


This  paper  has  described  the  development  of  a  stainless  steel  which 
successfully  attained  the  required  targets  of  good  corrosion  and  pitting 
resistance  combined  with  mechanical  strength  and  ductility,  for  applications 
in  marine  and  chemical  environments.  The  data  presented  herein  have  been 
slanted  towards  marine  applications,  but  the  high  degree  of  corrosion 
resistance  shown  to  many  agressive  chemicals,  has  resulted  in  the  extensive 
use  of  the  alloy  in  the  handling  of  mineral  acids,  chloride  solutions, 
hydroxides,  etc. 

Because  of  the  excellent  casting,  forming  and  fabrication  character¬ 
istics  of  the  steel,  it  has  been  utilised  in  many  forms  for  marine  appli¬ 
cations.  In  conclusion,  a  few  significant  items  are  illustrated  in 
Figs.  15-17. 

Fig.  15  shows  a  cast  FERRALIUM  propeller  which  was  in  service  on  a 
high  speed  patrol  boat  for  four  years,  including  a  long  stay  in  stagnant 
harbour.  The  propeller  is  in  excellent  condition  showing  no  general 
corrosion  and  a  complete  absence  of  pitting.  The  illustration  shows  dark 
spots  which  are,  in  fact,  a  form  of  marine  growth.  Removal  of  these  has 
shown  bright  metal  below  with  no  sign  of  crevice  attack,  although 
conditions  might  be  considered  ideal  for  this  to  have  taken  place. 

Fig.  16  shows  some  cast  rings  for  a  type  of  marine  shaft  seal,  for 
which  FERRALIUM  has  become  the  standard  specified  alloy. 

An  inert  gas  scrubber  system  for  a  250,000  ton  dwt.  oil  tanker  has  its 
lower  portion,  shown  in  Fig.  17,  fabricated  from  3/16  in.  FERRALIUM  plate. 
This  was  designed  to  handle  sea  water  after  scrubbing  high  sulphur- 
containing  boiler  flue  gases.  The  resultant  solution  has  a  pH  of  2.0  - 
5.5  at  a  temperature  of  50 *C.  Most  stainless  steels  would  be  considered 
unsuitable  to  handle  this  aggressive  liquid. 
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Summarized  Discussion 

In  reply  to  queries,  it  was  stated  that  the  scrubber  depicted  in  the 
paper  had  been  in  service  for  about  one  year  with  no  specific  information 
being  reported  about  corrosion  at  the  welds;  that  there  were  no  data  on 
crevice  corrosion  resistance  of  the  alloy  in  sea  water,  although  crevice 
corrosion  tests  had  been  initiated  recently  in  INCO’s  Francis  L.  LaQue 
Corrosion  Lab.  at  Harbor  Island,  North  Carolina;  and  that  the  price  per 
pound  would  be  about  $1.50. 

A  discusser  noted  that  propellers  usually  receive  cathodic  protection 
from  the  hull  of  the  ship  and  that  this  fact  must  be  weighed  in  interpreting 
the  field  trial  with  the  alloy  propeller. 

Another  discusser  commented  that  it  was  not  clear  from  the  paper  which 
of  the  electrochemical  parameters  reported  were  most  relevant  to  corrosion 
and  crevice  corrosion  in  sea  water. 


Table  1.  Effect  of  competition  and  heat- treatment  on  the  mechanical  propertlea 


0.06  24.9  S.5  2.5  3.3  N.A.  Aa  caat  -  649 

1120°C.  475  680 
1120°C.  500  664 
1120  C.  525  664 


94  752  109 

98  934  135 

96  873  126 

96  828  120 


Effect  of  chromium 


0.07  24.7  4.9  2.2  3.4 
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96 

942 
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649 

94 

942 
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618 

89.5 

834 

0.05  26.7  4.6  2.0  3.0 
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865 

125 

1081 

1120°C. 

500 
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112 
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1120°C. 

525 

726 
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911 

0.06  25.2  5.6  2.2  3.7 

0.24 

1120°C. 
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103 

973 

U20°C. 

500 

664 

96 

927 
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525 
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89.5 

896 

0.04  28.6  5.3  2.2  3.2 

0.25 
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LI  27 

1 1 20°C . 

500 

741 

107 

988 

1120°C . 

525 

741 
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927 

26  21.7 
26  75.9 
35  84.0 


29  29.8 
31  80.0 
37  81.4 
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Special  Light  Metal  Alloys  and  Their  Electrochemical 
Protection  for  Construction  and  Decorative 
Elements  Used  on  Sea-River-Ships 


Dr.  Paul  CaokAn 

General  Design  Institute  of  Machine  Industry 
Budapest/Hungary 


On  ships  serving  for  passenger  and  goods  transport,  or  on 
hydrotechnical  installations,  e.g.  installation  in  a  sea- 
river  mouth,  exposed  to  sea-water  and  fresh-water  or  to 
the  changing  effects  of  sea  and  continental  atmosphere 
respectively,  the  component  parts  made  of  light  metal 
alloys  as  constructional  or  ornamental  elements  must  be 
provided  with  a  surface-protecting  coat  that  resists 
increasedly  to  the  corrosional  and  erosive  effect  of  the 
surroundings.  Protecting  coatings  with  a  quality  perfectly 
meeting  the  demands  can  be  produced  with  electrochemical 
methods,  traditional  or  special  anodic  oxidation 
processes. 

The  effectiveness  of  surface  protection  may  be 
enhanced  in  some  cases  with  the  help  of  cathodic-anodic 
protective  methods. 

Key  Words:  Sea-river-ships j  factors  of  sea  atmosphere: 
factors  of  sea  water;  anodizing  of  light  metals; 
conventional-,  hard-  and  direct-colour-anodizing; 
cathodic-anodic  protection  of  light  metals. 


1 .  Introduction 

Inside  the  continents  the  most  important  routes  of  international  trade 
have  always  involved  the  navigable  rivers.  Maritime  navigation  is  even 
todayadecisive  pre-condition  of  intercontinental  world  trade.  The  goods 
transported  on  river  waters  from  inland  to  the  sea  are  transferred  by  the 
traditional  method  onto  sea-going  ships  at  seaports,  which  does  not  only 
mean  waste  of  time  but  a  considerable  waste  of  wages  too.  Following  the 
development  of  technics,  however,  river-ocean-going  ships  are  being 
produced— in  calibres  of  course  determined  by  the  size  of  the  rivers— 
that  are  capable  of  transporting  export-import  goods  from  inland  to  oversea 
or  from  overseas  to  the  inside  of  the  continent  without  trans-shipment  but 
which  are  just  as  well  apt  for  passenger-transport. 

On  the  biggest  rivers  of  Europe,  as  the  Danube,  Rhine,  the  Seine,  Oder, 
Vistula,  Volga,  Don,  etc. — but  obviously  on  big  rivers  of  other  continents 
too— more  and  more  sea-river-going  ships  of  this  type  take  part  in  regular 
conveyence  on  seas  surrounding  the  continent,  but  Hungarian  ships  for 
instance  transport  different  goods  from  the  Danube  not  only  to  the  opposite 
shores  of  the  Mediterranean  but  also  to  more  distant  ports  of  South  America 
and  Africa.  These  goods  form  obviously  only  a  small  part  of  the  total 
amount  of  goods  in  maritime  trade,  but  the  tendency  of  development  cannot 
be  mistaken,  and  e.g.  one  of  the  most  important  routes  of  East-West  trade 
is  to  become  the  Rhine-Main-Danube  Channel  connecting  the  Atlantic,  the 
North  Sea  and  the  Black  Sea  with  the  basin  of  the  Mediterranean  Sea,  after 
its  planned  construction  in  the  near  future. 
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The  up-to-date  shipbuilding  industry  has  had  e  considerable  progress 
beyond  the  development  of  transmission  machinery  as  well  as  equipments  of 
navigation,  telecommunication,  etc.,  also  in  respect  of  the  enlargement  of 
choice  in  material.  That  involves,  for  instance,  the  wider  use  of  light 
metals  in  shipbuilding  industry,  a  fact  that  can  be  explained  by  the 
following  advantageous  characteristics: 

The  small  specific  gravity  of  aluminium  metals  makes  a  decrease 
in  dead  weight  possible  to  such  an  extent  that  in  the  loading  space 
of  ships  of  a  given  size — compared  to  hulls  of  the  same  size  made  of 
structural  steel— sometimes  the  cargo  weight  may  be  increased  by 
approximately  50%.  At  cargo  ships  this  technical  possibility  means  a 
considerable  financial  advantage. 

The  favorable  solidity  properties  of  most  aluminium  alloys  are 
even  deep  below  0*C  so  stahile  that  propensity  to  brittle  breach  does 
not  appear,  as  it  can  be  experienced  at  some  kinds  of  structural  steel. 

In  cases  of  refrigerating  cargo  ships  carrying  perishable  goods  or 
tankers  transporting  undercooled  liquefied  gases  or  ships  going  on 
waters  near  the  artic  or  antarctic  regions  the  cold  resistance  of 
structural  materials  is  a  very  important  requirement. 

-  The  corrosion-resistance  of  pure  aluminium  and  of  different 
aluminium  alloys  to  mediums  of  different  aggressivity  is  not  always 
unambigous.  Pure  aluminium  is  resistant  enough  to  the  effect  of  sea 
water,  and  alloying  it  with  certain  metals,  e.g.,  a  defined  amount 
of  magnesium,  still  improves  considerably  the  corrosion-resistance. 
Aluminium  metals  alloyed  with  other  metals,  e.g.,  copper,  nickel,  etc., 
are,  however,  increasedly  sensitive  and  to  the  effect  of  sea  water 
sometimes  hole-corrosion  in  other  cases  inter-cristalline  corrosion 
occurs.  The  danger  of  corrosion  is  especially  big  if  metals  of 
different  kinds  get  into  contact  /contact-corrosion/. 

-  Choosing  the  kinds  of  metals  for  building  sea-river-going  ships 

and  choosing  the  methods  for  the  applicable  surface  finishing  operations, 
utmost  care  must  be  taken  to  the  fact  that  the  metal  parts  of  these 
ships  are  exposed  to  sometimes  sea  atmospheric  and  sea  water,  sometimes 
continental  atmospheric  and  fresh  water  corrosion  and  erosion  effects 
with  non-predictable  periodocity,  for  non-predictable  periods.  It  is 
these  circumstances  therefore  that  caused  us  to  study  more  intimately 
some  of  the  characteristics  of  the  most  important  medium-effects 
from  the  point  of  view  of  the  applicability  of  aluminium  elements  in 
sea-river-going  ships,  and  considering  them  to  develop  the  technology 
of  finishing  the  most  suitable  surface-protecting  ornamental  light 
metal  constituents. 


2.  The  Main  Characteristics  of  Medium  Effects 

2.1  The  Effective  Factors  of  Sea  Atmosphere 

The  most  important  factor  determining  the  characteristics  of  sea 
atmosphere  are  temperature,  relative  atmospheric  humidity  and  rainfall. 
According  to  the  types  of  climate  the  following  approximate  values  can  be 
taken: 


Temperature 

Atmospheric  Humidity 

Cold  climatic  area  /F, 

frigidus/ 

-40, . ,0*C 

fog,  snow,  rain 

Moderat:  climatic  area  /N, 

norma ./ 

-20.. .+35»C 

rel.  vapour  content 
max.  80% 
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Tropical  climatic  area  /TH, 
tropicus-humidus/ 


over  +20  *C  rel.  vapour  content 

average  over  80% 


Significant  factors  are  the  strength  and  frequency  of  wind  activity  and 
the  amount  of  rainfall  too.  Under  tropical  climate  for  instance  heavy 
showers  of  such  kind  are  possible  that  in  ten  minutes  100  mm  rainfall  can 
occur.  The  intensity  of  sunshine  must  be  also  seriously  considered  which 
under  warm  climate  is  often  over  the  value  limit  of  1,2  -  1,4  cal/cm*  min. 

As  a  consequence  of  evaporation  and  undulation  /surf/  the  air  space 
is  generally  contaminated  by  salty  mist  or  salty  water-spray  changing 
between  large  concentration  limits.  The  drops  forming  the  mist  are  90% 
of  a  size  of  1  -  7  urn,  and  1  cm*  volume  of  mist  contains  an  average  of 
2.10*  -  4.10*  drops.  The  composition  of  the  salt  contents  of  the  drops 
as  well  as  their  amount  follows  of  course  the  original  composition  of 
the  sea-water  and  the  regularities  of  evaporation. 

Pure  aluminium  and  most  of  the  aluminium  alloys  of  commercial 
quality  have  proved  resistant  enough  to  the  effects  of  sea  atmosphere. 
According  to  our  studies  carried  out  at  natural  sea-exposure  stations  on 
the  surface  of  aluminium  objects  treated  by  traditional  methods,  considerable 
corrosional  damages  occurred  only  at  aluminium  sorts  alloyed  with  non- 
ferrous  metals  apart  from  matting  and  the  formation  of  greyish  incrustation. 

2.2  The  Effective  Factors  of  Sea-Hater 

In  the  composition  of  water  in  the  seas  of  the  Earth  there  is  some 
fluctuation  with  the  geographical  position,  the  average  composition  is 
shown  in  Table  1.  100%  salinity  is  spoken  of  when  the  NaCl  content  of 

water  is  31  g/liter.  This  value  can  decrease  to  30  -  50%  at  certain  parts 
of  the  sea,  e.g.,  at  the  mouth  regions  of  big  rivers. 

Very  small  amounts  of  boron  compounds  /max.  0,5  mg-atom/liter  B/  and 
Changing  amounts  of  absorbed  gases,  oxygen  in  particular  /7-8  ppm/liter/ 
are  also  to  be  traced  in  sea  water. 

Among  the  enumerated  components  the  most  aggressive  are  the  chlorides 
and  bromides.  Hydrocarbonates  in  solution  can  in  case  of  losing  carbon 
dioxide  precipitate  in  the  form  of  carbonates  with  magnesium  or  calcium 
in  the  cathode  zone  of  metal  constructions  in  contact  with  sea  water. 
According  to  the  change  of  the  hydrocarbonate — carbonate  equilibrium  the 
pH  value  of  sea  water  may  fluctuate  between  7,5  and  8,4. 

Due  to  its  solved  electrolite  contents  of  considerable  amount  sea 
water  has  a  well  measurable  specific  electric  conductivity  /k  “  1/p,  where 
p  ■  0,05  ohm”1  cm*cm/.  The  various  metals  in  contact  with  sea  water — 
according  to  their  material  class — will  be  charged  up  to  different 
electrode  potentials  and  accordingly  galvanic  currents  occur  among  the 
different  metal  parts,  and  in  the  anodic  parts  of  the  local  galvanic-cells 
corrosion  of  different  degrees  /contact  corrosion/  may  occur.  The 
electrochemical  characteristics  as  well  as  the  value  of  the  electrode 
potential  of  the  sea  water//aluminium  metal  interface  change  between  large 
limits  depending  on  the  kinds  of  electrolites  solved  in  sea  water,  on  their 
concentration,  temperature  of  water,  the  rate  of  flow  etc.,  as  well  as  the 
composition  of  the  base  metal,  its  metallurgical  state  and  that  of  its 
heat-treatment.  The  potential  values  measured  in  flowing  sea  water  at 
20  i  2*C  against  calomel  electrode  are  shown  in  Table  2.  Comparing  the 
data  it  is  to  be  seen  that  from  among  the  usual  alloying  elements  the  amount 
of  copper  has  the  biggest  influence  on  the  potential  of  the  light  metal. 

In  general,  the  extent  of  electrochemical  corrosion  of  each  metal  type 
changes  according  to  the  developing  galvanic  cells,  too,  and  this  depends 
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mostly  on  the  amount  of  the  alloying  copper  to  a  bigger,  and  on  the  alloying 
zinc  to  a  smaller  extent.  According  to  our  model  experiments  carried  out 
in  sea  water  the  rate  of  corrosion  can  be  characterized  with  the  values 
shown  in  Table  3  as  functions  of  flow-rate,  pH  value  and  temperature  of  the 
water.  According  to  the  data  magnesium  has  a  definitely  favourable  effect 
repressing  the  rate  of  corrosion,  the  other  alloying  materials  however, 
according  to  their  quantity  and  quality  as  well  as  their  interaction,  increase 
more  or  less  the  liability  to  corrosion. 

The  flow  rate  of  sea  water  does  not  only  influence  the  grade  of  electro¬ 
chemical  potential  but  strength  of  wave  motion  has  a  stress  effect  on  the 
endurance  of  coating  systems  /paint  or  other  coatings/  of  the  metal  parts 
in  the  hull.  The  water  motion  that  goes  with  the  undulation  strikes  at 
the  metal  surface  at  various  parts  of  the  submerged  hull,  with  a  very  big 
or  slight  pressure.  Bubbles  develop  at  places  where  pressure  is  low,  and 
when  they  break  up  a  considerable  /sometimes  in  the  order  of  60,000  psi/ 
cavitation  force  appears  concentrated  to  a  small  part  of  space,  corroding 
the  coating  which  covers  the  metal  element.  Beyond  the  deterioration  of 
the  coatings  the  cavitation  effect  of  undulation  may  cause  fatigue  corrosion 
fissures  in  a  certain  span  of  time  in  the  base  metal  itself,  too. 

Beyond  the  mentioned  effective  forms  of  undulation  expressively 
mechanical  erosive  affliction  is  brought  about  by  the  sand  and  other  solid 
alluvial  deposits  of  sea  water  that  are  of  different  degrees  of  finesses 
and  of  different  physical  properties. 

For  good  measure  mention  must  be  made  in  the  line  of  the  effective 
factors  about  the  bacteria,  algae,  molluscs  and  other  living  inhabitants  of 
sea  water,  which  may  cause — according  to  their  species — directly  corrosion 
/e.g.,  sulfide-corrosion/  or  erosion,  or  uneven  damaging  of  the  surface  in 
form  of  adherences;  periodical  or  constant  breakdown  at  working  elements 
of  machines. 


2.3  Effective  Factors  of  the  Continental  Atmosphere 

The  atmospherical  effective  factors,  i.e.,  the  humid-cold,  humid¬ 
or  dry-hot  atmosphere,  the  extreme  value  and  periodicity  of  temperature 
changes,  the  direction  and  strength  of  the  dominant  wind  activity,  the 
amount  of  rainfall,  the  corrosive  and  erosive  effects  of  the  sand  /dust/ 
contents  whirled  along  by  the  wind  are  function  of  the  geographical  facts 
in  each  climatic  region.  The  quality  of  the  eventual  agressive  gases 
may  change  according  to  the  type  of  industrialization  of  the  given  area. 

2.4  Effective  Factors  of  Fresh  Hater 

In  the  composition  of  river  waters  hydrocarbonate  and  sulfate  compounds 
of  alkali  and  earth-alkali  metals  play  the  main  role  and  their  quantitative 
relation  defines  the  pH  value  and  degree  of  hardness  of  water. 

River  waters  are  characterized  individually  by  the  temperature,  flux 
rate,  solid  deposit  /sand,  silt/  contents,  the  species  and  amount  of 
biological  beings  in  fresh  waters,  the  quality  and  quantity  of  chemical 
contamination  /chemicals,  oil  and  tar  products,  etc./  derived  from  the  type 
of  the  region.  The  contamination  of  river  waters  may  change  with  time. 
Accordingly,  for  example  the  concentration  of  chemical  soiling  of  the 
river  Rhine  increased  to  such  an  extent  in  the  last  ten  years  that  the  fish 
and  other  water  fauna  of  the  river  diminished  in  a  devastating  manner,  and 
the  water  corroded  the  metal  parts  of  living  or  industrial  installations 
/bridges,  sluice  systems,  cable  ducts,  etc./  established  in  or  by  the  water 
in  an  extremely  short  time  and  to  a  very  great  extent. 

2.5  Factors  of  Construction  or  Formation 

The  formation  of  component  part  made  of  light  metals  /e.g.,  placing  of 
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bores,  bends,  notches  or  other  hollow  parts  collecting  the  occasionally 
condensing  vapour  or  rain/ ,  moreover  the  structural  assembling  of  each 
mounting  part,  the  welded  joints,  places  of  riveting  or  of  other  bonds,  the 
re  joint  of  metal  parts  of  different  qualities  etc.  may  play  an  important 
part  in  causing  or  accelerating  corrosion. 

Constructions  of  aluminium  of  the  same  quality  are  anodized  generally 
when  mounted  ready,  because  this  is  the  only  way  of  ensuring  a  damage-free, 
even  quality  of  the  coating.  The  constructions,  however,  into  which  extrane¬ 
ous  metal  parts  are  to  be  built  in,  must  be  submitted  to  electrochemical 
surface  treatment  only  before  assembling,  of  course,  because  of  danger 
of  contact-corrosion. 


3.  Special  Light  Metal  Alloys  for  Construction  and  Decorative 
Elements 

From  the  point  of  view  of  alternatives  in  usage-technics  and  of 
assortment  of  material  the  aluminium  products  used  in  ship-building — based 
on  our  studies  and  considering  the  data  adopted  from  the  literature  /l/ — 
may  be  classified  into  the  following  types: 

-  Construction  elements:  for  production  of  aperture  locking  devices, 
floor  beams,  bridging  pieces,  panels,  wall  coatings,  rain  and  sun 
protection  roofs,  banisters,  grids,  etc.:  AlMg3,  AlMgS,  AlMg 4, 5  Mn, 
AIMn,  AlZn  4  Mg  1,  as  well  as  AlCuHg  metal  cladded  with  A1  99,5, 

or  AlZnMgCu  metal  cladded  with  AlZn. 

-  Decorative  elements:  for  manufacture  of  decorative  wall  coatings, 
beads,  curbings,  etc.,  employed  on  board  or  other  open  air  places  as 
well  as  inside  the  ship,  etc.:  A1  99,8  or  A1  99,5  pure  mecals,  AlMg 
and  AlMgSi  alloys. 

-  Running  machine  elements:  for  production  of  motors  and  other 
transmission  machinery  parts,  parts  of  installations  of  electronics, 
telecommunication  technique  and  ventillation  technique,  e.g.  casting 
metals  of  high  strength,  AlSi  and  AlMgSi  alloys,  roiled  or  pressed 
/stamped/  goods,  etc. 

Types  of  aluminium  alloys,  hardenable  or  not-hardenable  are  employed 
alike  in  ship  building.  Tho  usage  of  the  latter  is  more  advantageous, 
because  they  can  be  worked  better  and  easier  at  ship  building  or  mounting, 
and  they  are  just  as  well  weldable  without  the  danger  of  losing  strength. 

In  this  respect,  too,  the  AlMg  alloys  having  good  strength  properties  have 
proved  good  /AlMg  3  and  AlMg  5/,  although  increasing  the  magnesium  contents 
over  5%  the  alloy  becomes  under  certain  conditions  susceptible  to  inter- 
cristalline  corrosion.  AlMgSi  alloys  are  used  in  the  biggest  quantity  from 
among  the  sorts  of  hardenable  light  metals  owing  to  their  favourable 
strength,  ease  of  working  and  of  anodizing.  The  AlZn  and  AIMn  alloys  have 
also  made  considerable  progress  owing  to  their  advantageous  properties  in 
strength,  weldability  and  resistance  to  corrosion.  Alloys  of  AlSi  are 
used  mainly  for  making  casts,  different  binding  elements,  fittings.  From 
among  the  latter  the  AlMg  4,5  Mn  alloy  is  used  in  great  quantities  and 
with  good  experience  in  the  ship-building  industries. 

Pure  aluminium,  the  AlMg,  AlMgSi  and  AlMgZn  alloys  may  be  generally 
produced  in  a  well  anodizable  quality.  In  case  of  employing  the  traditional 
anodising  processes  the  alloying  presence  of  Cu,  Mn,  Fe,  Ni  or  greater 
amount  of  Si  will  cause  a  discoloured,  grey  or  black  spotted  oxide  layer  of 
a  poorer  quality.  It  is  to  be  emphasised,  however,  that  oxide  layers  of  a 
quality  corresponding  to  the  decorative  or  technical  requirements  may  be 
produced  on  these  metals  with  the  so-called  integral  colour  or  direct 
colour  anodizing  processes,  or  with  the  extrahard  anodizing  processes  to 
be  outlined  below. 
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4.  Electrochemical  Protection  of  Light  Metal  Elements  Used 
on  Sea-River-Ships 

4.1  Conventional  Anodizing  Processes 

The  traditional  anodizing  processes  current  in  the  industry  are 
carried  out  in  sulphuric  acid  or  oxalic  acid  electrolites,  occasionally  in 
their  mixed  solution  with  direct  or  alternating  current  /Eloxal,  Alumilite, 
Anoxal  processes,  etc./.  Disregarding  the  well-known  technological  details 
/2/,  let  mention  be  made  here  of  the  only  fact  that  the  oxide  layers  obtained 
this  way,  generally  30-40  um  thickness,  HV  ■  80-100  kp/mm*  Vickers  hardness 
and  great  porosity  have,  therefore  they  can  be  made  satisfactorily 
resistant  to  corrosion  only  by  special  pore-filler  after-treatments 
/sealing/;  furthermore,  they  are  colourless,  hence  the  aluminium  object  in 
question  either  remains  in  its  natural  colour  or  the  coloured  oxide 
coating  having  a  decorative  effect  can  be  produced  only  with  a  special 
painting  after-treatment.  This  oxide  layer,  however,  may  fade  gradually 
or  become  spotted  in  the  open  air  to  the  effect  of  sunshine  or  as  a  result 
of  humid  air  "chalking"  /farinage/  may  occur.  These  damages  may  be 
eliminated  by  the  up-to-date  direct  colour  anodizing  processes. 

4.2  Direct  Colour  Anodizing  Processes 

In  order  to  eliminate  the  disadvantages  of  the  traditional  anodizing 
processes  have  been  the  direct  colour  anodizing  introduced,  permitting  the 
production  of  oxide  coatings,  possessing  a  natural  colour,  through  direct 
oxidation.  Such  oxide  coatings  are  lustre-  and  colour-proof  and  possess 
advantageous  mechanical  properties. 

A  common  feature  of  such  processes,  recommended  by  the  patent  litera¬ 
ture,  is  that  anodizing  is  carried  out  in  electrolitic  solutions  of  special 
composition,  under  specified  experimental  conditions.  In  case  of  processes 
known  up  to  now  /KALCOLOR,  DURANODIC  300,  VEROXAL,  etc./  smaller  quantities 
of  sulphuric  acid,  sometimes  alkali  metal  sulphates,  further  some  aromatic 
sulphuric  acid,  e.g.,  sulfo-salicylic  acid  or  sulfophtalic  acid  in  a 
higher  concentration,  or  even  some  other  additives,  such  as  maleinic 
acid,  are  mixed  to  the  baths.  .  Anodizing  is  carried  out  with  direct  current 
between  the  limits  of  50  to  120  V,  and  at  a  current  density  of  2,5  to 
30  A/sq.  dm  reap.  Alternate  current  cannot  be  applied  to  anodizing  in  a 
bath  of  such  type.  In  order  to  obtain  a  proper  colour  density  and 
intensity  resp. ,  an  anodizing  time  of  50  to  60  minutes,  in  some  cases  20 
to  40  minutes  is  required  /3/. 

The  process  AUTOCOLOR-HSH  /Fdmkut/  based  upon  a  Hungarian  patent, 
possesses  a  great  number  of  advantages,  such  as: 

the  oxide  coating  having  a  self-colour  can  be  obtained  not  only 
on  aluminium  qualities  of  special  alloying  or  heat-treating,  but  also 
on  any  normal  commercial  grade  aluminium; 

-  the  colour-range,  obtained  by  this  method,  is  considerably  larger, 
than  those  obtained  by  any  other  method:  the  shades  are  warmer  and 
more  pleasant; 

-  both  direct  and  alternative  current  can  be  used  for  the  anodizing 
bath; 


-  the  technological  conditions  are  more  favourable,  e.g 
considerably  shorter  exposure  time  as  required  to  obtain  a  iate 

colour  intensity  and  density. 

Both  alternatives  permit  to  produce  a  1  to  30  pm  thick  coating  during 
1  to  30  minutes.  The  oxide  coating  is  extremely  lustre-  and  colour-proof. 
The  variations  of  colours  are  shown  in  Table  4. 
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Tha  mechanical  properties  are  so  advantageous  that  some  aluminium 
object  covered 'with  a  not  excessively  thick  coating  can  be  moderately  bent, 
and  embossed  without  damaging  the  coating  itael. .  Its  Vickers  hardness 
corresponds  to  a  value  of  200-4S0  kp/sq.  mm. 

The  porosity  of  the  oxide  coating  is  slight,  in  case  of  its  indoor 
application,  no  pore-filling  after-treatment  is  required,  though  in  case 
of  outdoor  appliance,  it  is  advisable  to  cover  the  oxide  coating  AUTOCOLOR 
with  colourless  thin  lacquer  sheeting. 

4.3  Hard  Anodizing  Processes 

Anodizing  processes  are  also  known  with  the  help  of  which  oxide  layers 
much  thicker,  harder  and  more  wear-resist'ant  than  the  common  coatings  may 
be  produced  on  aluminium  and  its  alloys. 

The  Alumilite,  Martin  /MHC/,  Sanford,  Hardas,  Rape,  F^mkut-Cs., 
Langbein-Pfanhauser  /LPW/,  Tomashov-Bjalobshenski  methods  and  the  technical 
data  of  other  hard  anodiz  .ng  processes  can  be  found  in  the  literature  /2,5/. 

By  most  of  the  processes  oxide  layers  of  a  thickness  of  maximum  35- 
125  um,  poor  in  pores  and  of  a  dense  structure  may  be  produced  in  60-110 
minutes.  This  coating  is  generally  350-450  kp/mnr  Vickers  hardness.  The 
wear-resistance  of  hard  oxide— in  case  of  an  originally  smooth  or  mechanically 
after-refined  surface--is  501  bettor  than  in  the  case  of  hardened  steel 
and  10%  better  than  in  the  case  of  hard  chrome  coating.  The  breakdown 
voltage  of  the  layer  is  around  1000  V,  i.e. ,  it  has  a  very  good  insulating 
property.  The  hard  oxide  coating  is  somewhat  more  rough  than  the  original 
base  surface,  and  with  the  composition  of  the  base  metal  it  may  change  from 
light  grey  to  blackish  grey.  Alike  the  customary  oxide  coating  it  is 
hardly  or  not  at  all  colourable  in  colouring  solutions. 

From  the  point  of  view  of  the  rate  /efficiency/  of  oxide  formation 
as  well  as  the  physico-mechanical  and  chemical-corrosion  properties  of  the 
oxide  layer  the  FEMKUT  Cs -process  /6/  is  extremely  advantageous,  according 
to  which  the  anodization  is  carried  out  in  a  diluted  electron te  with  special 
supplements,  favourably  in  a  1-2,5%  sulphuric  acid  solution  between  tempera¬ 
ture  limits  of  +5....-5*C,  cell  voltage  40-60  V.  In  60  minutes  a  light- 
coloured,  middle  grey  oxide  layer  of  a  possibly  slightly  rough  surface  /the 
layer  being  150-250  um,  i.e.,  considerably  thick/  forms  on  pure  aluminium, 
on  AlMg,  AlMgSi  alloys.  The  hardness  of  the  layer  is  HV  -  450-600  kpAun* 
Vickers  units  /"extrahard"/,  its  wear-resistance  measured  by  a  Taber 
abraser  and  related  to  the  unit  of  layer-thickness  is  30.000-40.000  cycles/gm. 
A  layer  like  this  is  much  poorer  in  pores  /max.  5-12%/  than  the  customary 
oxide,  and  has  even  under  the  aggressive  sea  circumstances  strikingly  good 
resistance  to  corrosion.  An  attractive,  bright,  enamel-looking  surface 
can  be  produced  with  slight  mechanical  grinding  or  polishing,  such  a 
coating,  therefore,  ensures  an  expressively  decorative  effect  on  the 
aluminium  elements  outside  and  inside  the  sea-river-ships,  too. 

4.4  Economical  Characterization  of  the  Electrochemical  Surface 
Protection  of  Light  Metals 

The  principal  production  costs  of  the  surface-protecting  technology  of 
light  metal  elements  is  defined  by  the  chemical  and  energy  requirements  of 
the  process.  The  energy  consumption  of  the  hard  oxide  production  /high 
cell  voltage  and  electric  liquid-cooling/  is  bigger,  chemical  costs  are 
less  i  the  energy  costs  as  well  as  the  chemical  costs  of  the  direct-colouring 
anodizing  are  somewhat  bigger  than  the  total  costs  of  the  oxidation  + 
colouring  +  pore-filling  /sealing/  processes  of  the  traditional  anodizing 
methods. 

According  to  our  own  statistical  data  as  well  as  the  surveys  and 
calculations  published  in  the  technical  literature  /7/ — depending  on  the 
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quality  of  the  base  metal,  the  pricei  of  the  chemicals  and  colouring 
materials,  the  variants  of  tooling  and  the  facilities — the  expense  factors 
may  be  expressed  by  following  rations: 


Process 


Expense  Factor 


Traditional  anodizing  in  sulphuric  acid, 
without  after-colouring  1 

Traditional  anodizing  in  sulphuric  acid, 
w  ith  after-colouring  1,8  -  2,6 

Anodizing  in  oxalic  acid,  without  after-colouring  1,5  -  2,0 

Anodizing  on  oxalic  acid  with  after-colouring  2,3  -  2,8 

Direct-colouring  anodizing  in  sulfon-acidic 
electrolite  2,2  -  2,5 

* 

Hard-oxide  production  by  the  FEMKUT  Cs-process 
/100  pm  layer/  2,5  -  2,7 


5.  Other  Protection  Methods 

Let  mention  be  made  only  as  reference  on  the  cathodic-anodic  protection 
method  of  the  corrosion-protection.  Sea  water — on  account  of  its  high 
salt-contents  /salinity/— is  an  ideal  medium  for  creating  an  anode-cathode 
protection  system.  For  the  protection  of  the  hull  itself  and  that  of  the 
different  structure  parts  made  of  steel  the  corrosion  protection  with 
magnesium-,  zinc-  or  aluminium-anodes  has  spread  for  a  long  time.  In  the 
first  place  the  American  technical  literature  there  are  several  references 
about  the  fact  that  constructions  made  of  AlCu-,  AlCuMg-,  AIMn-,  AlMgMn-type 
metals  as  well  as  castings  with  higher  Cu  or  Si  contents  are  effectively 
protected  against  corrosion  in  certain  mediums  with  application  of  anodes 
produced  from  pure  zinc,  aluminium  or  rather  from  AlZn  or  AlZnMg  alloys  /8/. 

Aluminium  types  that  are  to  a  bigger  extent  alloyed  with  non-ferrous 
metals  /band  or  plate  products,  profiles,  etc./  may  be  protected  against 
corrosive  effects  by  plating  with  plates  of  A1  99,5  or  AlZn  quality:  ready 
assembly  units,  on  the  other  hand,  may  be  protected  with  plastic  or  paint 
housings,  the  treatment  of  these  methods,  however,  is  beyond  the  theme 
of  the  present  report. 
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Discussion 

Hector  Campbell »  There  is  just  two  things  I  would  like  to  ask  you.  The 
process  that  you  described  right  at  the  finish  of  your  paper — can  you 
apply  this  no  matter  what  aluminum  alloy  you  are  working  with  or  are  there 
any  restrictions  on  the  materials  on  which  it  can  be  used?  The  second 
point  was  I  noticed  when  you  were  in  the  first  part  of  the  paper  mentioning 
the  different  alloys  used  for  different  purposes  you  mentioned  at  one  point 
the  aluminum  magnesium  silicon  alloys,  but  as  I  understand  it  you  mentioned 
these  only  for  use  for  decorative  purposes  and  not  for  structural  purposes 
which  surprised  me  because  we  in  the  U.R.  and  I  think  here  in  the  U.S.A. 
also  would  use  these  quite  extensively  as  structural  materials. 

Linder i  For  the  first  question  the  answer  is  I  think  that  it  can  be  used. 

It  can  be  applied  to  any  kind  of  aluminum  alloys.  There  are  restrictions 
according  to  the  oxide  or  the  thickness  of  the  oxide  in  the  air  and  there 
are  some  differences  in  the  method.  To  the  second  question,  these  groups 
or  types  of  alloys  that  I  read  on  were  just  the  main  groups.  There  are  same 
other  types  of  course  and  for  instance  the  aluminum  magnesium  silicon 
type  of  alloys  can  be  used  also  for  construction  and  they  do  use  it  for 
the  river  going  ships  also,  but  for  brevity  and  for  saving  time,  I  did  not 
read  it,  but  these  will  be  also  in  the  proceedings. 


546 


innp  i—fwitlw  if  m  nUr 


Taklt  | 


! 


CH)WMIt 

looloa  la* 

FiUiiIh 

Nagatalas 

N** 

e»i«iM 

C.** 

StHMlM 

lrM 

CMarUt 

«i‘ 

IrnUa 

lr" 

Sal fata 

»*“ 

Blcarfcaaata 

KO  ” 

3 

Coactatratioa,  ag-at,-  /l.Ur 


*7 . 4 . 

9«9...1a,» 
55 ,5.. .55.5 
Ut?...lo,5 

. . It 

546.. ..54) 

. . . 

JS.J...J8.3 


ti  99,99 
ai  99.99 

Al  99,99 
AMs  0,5 
AlHf  1.5 
AIKS  3.5 
AlKc  5 
AlCoHf  J 
AIMIc  1 
»1Cil-,c  1 
AlCi  o,5  •’>,  1,, 

AlKc  3,5  St  *  C«  0.3 

All'.c  2,5  2n  5.5  Co  l,t 

AlCo  6,5 

AlHfll  1 

AincSl  2 

A1S1 


GfctrtcWrUllc  alloy  ccop  Mats  Mortal  potoatlal,  9 


/a, ooil  lu/ 

/■ax,  o,o2S  Co, 0,021  Za/ 

0,0-  o,6A  Ifj 

2.4  -  2,«-»c 

3.4  -  3.61  .<! 

4.5  -J«21  11, 

o,o4-  i,o61  Co, 2, 9*3,11  H, 
o.oOS  Co  .  1.212  I!( 

0,;'.  'a  .1-1,11  Kr.0,04.  In 

4,3— ,71  Co.l,~ 1,  »  H* 

0,4-0,71  Cj,  3, 2-3, 61  Vc  ♦**-'*, .  1 
1,6-1,9  2  Co. 2, 51  Hr,5,5-5,61  Z^ 
6,51  Co,  no,.  o,3l  >2  ,Za 

1-.  1  it,:  ,  si 


547 


■8 


Alleviation  of  Corrosion  Problems  in  Deep  Sea  Moorings 

1  2 
R.  L.  Morey  and  H.  O.  Berteaux 

A  number  of  single  point  taut  moorings  have  been  lost  necessi¬ 
tating  an  analysis  of  all  components  in  the  mooring  line.  Systematic 
examination  of  retrieved  components  has  indicated  the  presence  of 
corrosion  at  all  stages  in  the  mooring  from  the  surface  buoy  to  the 
anchor.  This  includes  the  various  instrument  housings  and  attach¬ 
ments.  the  mooring  line  and  its  terminations,  and  the  interconnect¬ 
ing  hardware  such  as  shackles,  links  and  chain.  Pitting  type  corrosion, 
crevice  corrosion,  galvanic  incompatibility,  corrosion  fatigue  and 
stress  corrosion  cracking  have  been  identified  and  design  changes 
made. 


Failure  analysis  of  mooring  line  specimens  exposed  in  a 
shallow  water  experimental  array  to  long  term  environmental  effects 
has  helped  the  systematic  identification  and  classification  of  failure 
modes.  Rope  specimens  which  have  been  tested  in  thiB  shallow  water 
(120  feet)  evaluation  program  included  jacketed  and  unjacketed  car¬ 
bon  steel,  modified  stainless  steel  (18-18-2),  titanium.  Inconel  625, 
and  fiberglass.  The  characteristics  of  such  materials  are  evaluated 
and  a  comparison  made  for  the  newer  materials  with  the  standard 
carbon  steels. 

The  diagnostic  capability  obtained  from  this  continual  analysis 
has  been  used  to  advantage  to  recommend  design  and  material 
changes  resulting  in  an  improved  resistance  to  environmental 
deterioration. 

Key  Word  Moorings 


1.  Introduction 

Single  point  taut-moored  systems  are  used  for  the  placement  of  instruments  of  oceano¬ 
graphic  and  meteorological  data.  Such  buoy  systems  are  deployed  each  year  in  the  Atlantic 
Ocean  by  the  Woods  Hole  Oceanographic  Institution  for  the  Office  of  Naval  Research  and  are 
retrieved  on  a  regular  basis. 

These  systems  sense  and  record  the  velocity  fields  of  winds  and  ocean  currents  in 
situ  and  over  long  periods  of  time.  Long-term  series  measurements  thus  obtained  enable 
the  physical  oceanographers  to  establish  a  correlation  between  experimental  data  and  the 
theoretical  concepts  of  oceanic  flow. 

The  tvpe  of  mooring  consists  either  of  a  single  surface  or  subsurface  float  and  a  taut 
mooring  line.  (Fig.  1)  Recording  instrumentation  is  placed  on  the  float  and  inserted  in  the 
line  at  various  depths. 


C.S.  Draper  Laboratory 
Massachusetts  Institute  of  Technology 
Cambridge,  MA  02142 


Ocean  Engineering  Department 
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The  mooring  line  ia  generally  part  wire  rope  and  part  synthetic  fibre  rope  but  can  be 
all  fibre  rope  depending  on  the  prevalence  of  fish  bite  in  a  particular  area. 

The  compound  mooring  line  configuration  has  the  advantage  of  low  cost,  ease  of  hand¬ 
ling  at  sea,  prevention  of  possible  failures  due  to  fish  biles  in  the  upper  part  of  the  line,  re¬ 
duced  excursion  and  consequently  low  noise  level  on  the  scientific  data. 

The  reliability  of  single  point  moored  buoy  systems  depends  on  the  performance  of  each 
of  the  mechanical  components  in  series  in  the  mooring  line  -  wire  rope,  chain,  hardware, 
nylon  rope,  instrumentation  casings,  etc. 

In  order  to  improve  this  reliability  one  must  positively  identify  defective  parts  prior 
to  use  and  also  eventually  establish  the  modes  and  causes  of  failure  of  components  while  in 
use.  If  failure  of  a  component  results  in  failure  of  the  entire  mooring  a  back-up  recovery 
system  (1)  can  be  used  to  recover  the  remaining  part  of  the  failed  mooring  lying  on  the  ocean 
floor.  The  failed  component  thus  retrieved  can  then  be  subjected  to  macro  and  micro  exam¬ 
ination  to  determine  the  failure  mode. 

Reliability  improvement  results  in  greater  mooring  life  expectancy.  This  will  tend  to 
minimize  expensive  ship  time  to  retrieve,  service  and  re-implant  the  systems.  Further¬ 
more  as  the  capability  for  long  term  data  storage  increases  the  demand  for  longer  life  of 
the  components  that  make  up  the  total  system  is  also  increasing. 

A  major  cause  of  mooring  failure  is  corrosion.  Other  mechanisms  of  deterioration 
such  as  tensile  or  shear  loading  effects,  fatigue  and  material  defects  are  often  present  and 
must  also  be  considered.  Furthermore  there  is  always  an  interaction  between  the  various 
failure  mechanisms  and  any  one  failure  may  be  a  combination  of  one  or  many  factors.  For 
example,  a  cable  may  fail  by  corrosion  fatigue,  corrosion  cells  may  be  set  up  between  an 
instrument  and  associated  hardware  such  as  shackles,  bridles,  chains,  etc. ,  or  can  be 
compounded  by  tensile  effects  producing  stress  corrosion.  Failure  can  be  due  to  mechani¬ 
cal  or  environmental  effects  grafted  onto  tensile  fatigue  and  corrosion  factors. 

In  September  1967  a  buoy  with  a  fractured  wire  rope  was  found  250  miles  off  station. 
This  buoy  was  recovered  and  an  analysis  made  of  the  failed  cable  (2).  In  this  case  the  con¬ 
clusion  was  that  deformation  had  occurred  at  the  point  of  fracture  probably  caused  by  a  kink 
and  that  subsequent  fatigue  compounded  by  corrosion  caused  the  failure  of  a  number  of 
wires  in  this  area.  Due  to  a  reduction  in  the  ultimate  strength  of  the  wire  rope  it  broke 
with  the  balance  of  the  wires  failing  in  tension. 

As  part  of  the  engineering  effort  to  improve  the  reliability  of  deep  sea  moorings,  a 
continuing  program  of  metallurgical  analysis  was  then  inaugurated  (3).  This  paper  presents 
a  number  of  typical  case  studies,  and  reviews  briefly  the  theoretical  aspects  common  to 
most  of  the  failures  considered  and  outlines  the  corrective  means  of  prevention  resulting 
in  increased  reliabilitv  of  deep  t>ea  moorings. 

2.  Environmental  Effects 

Preponderant  environmental  effects  resulting  in  accelerated  deterioration  of  mooring 
components  are: 

Corrosion:  for  long  life,  the  corrosion  behaviour  of  a  component  can  be  the  limiting 
factor.  The  intrinsic  corrosion  resistance  is  not  the  only  concern  but  also  the  often  inad¬ 
vertent  coupling  that  can  take  place  between  different  materials,  e.  g.  a  taut  stressed  cable 
in  contact  with  a  slack  drifting  cable  has  caused  failure  by  galvanic  action  (4).  Corrosion 

*  Figures  in  parentheses  indicate  the  literature  references  at  the  end  of  this  paper. 


tendencies  are  difficult  to  predict  and  there  is  still  a  need  for  testing  in  the  ocean  prior  to 
use.  For  simple  corrosion  one  can  make  allowance  for  strength  reduction  due  to  loss  of 
material  but  to  overlook  other  factors  such  as  stress  corrosion  cracking,  hydrogen  em¬ 
brittlement,  pitting  corrosion,  galvanic  coupling,  etc. ,  could  be  disastorous. 

Fatigue:  As  has  been  pointed  out  (5)  surface  buoy  motion  can  induce  repeated  bending  and 
torsion  stresses  in  points  of  attachment  of  the  mooring  line  aB  well  as  cyclic  tension 
stresses  in  the  line  itself.  Furthermore,  in  strong  currents,  vortex  shedding  can  create 
a  strumming  situation  with  high  frequency  lateral  loading.  Being  in  a  corrosive  medium, 
the  problem  is  compounded  and  the  effects  of  corrosion  fatigue  are  greater  than  the  effects 
produced  by  either  corrosion  or  fatigue  acting  singly.  Such  failures  can  generally  be  traced 
to  stress  raisers  such  as  sharp  edges,  pits,  nicks,  etc. 

Biological  attack:  At  the  upper  portion  of  the  line,  fouling  is  present  and  can  lead  to  the 
initiation  of  pits  on  surfaces.  This  problem  is  actively  being  studied  at  W.H.  O.  I.  to  de¬ 
termine  the  mechanism  of  corrosive  attack. 

Sharks  and  several  benthic  species  attack  mooring  lines, gashing  the  protective  plastic 
jacket  of  wire  ropes  and  exposing  the  underlying  steel  cable.  (Fig.  2)  Although  some 
corrosion  has  occurred  at  the  cuts,  wire  rope  failures  due  to  fish  attacks  have  not  yet  been 
identified.  As  can  be  expected  on  synthetic  fibre  ropes,  the  problem  is  more  acute  and 
losses  of  moorings  due  to  fish  bites  have  occurred. 

3.  Analysis  of  Retrieved  Components 

Metallurgical  and  mechanical  analysis  was  performed  on  buoy  systems  components 
which  had  been  exposed  to  the  environment  either  as  part  of  regular  deep  sea  moorings  or 
as  part  of  special  test  moorings  deployed  in  shallow  waters.  The  shallow  water  test  array 
of  the  Woods  Hole  Oceanographic  Institution  which  was  implanted  seven  miles  off  Cuttyhunk, 
Massachusetts  from  1969  to  1972,  enabled  specimens  of  different  materials  and  configura¬ 
tions  to  be  submitted  to  prolonged  environmental  exposure.  A  typical  test  buoy  is  depicted 
in  Figure  3.  The  response  of  the  components  evaluated  in  this  way  differs  from  that  of  com¬ 
ponents  inserted  in  deep  sea  moorings  of  finite  duration  in  that  the  effects  of  the  environ¬ 
mental  exposure  extend  over  a  longer  period,  with  a  greater  prevalence  of  marine  fouling, 
and  with  smaller  temperature  gradients  along  the  line  length.  This  evaluation  serves  a 
vp.  uable  purpose  in  that  the  effects  of  mechanical  loading  and  corrosive  media  can  be  stud¬ 
ied,  problem  areas  identified,  new  materials  appraised  and  modifications  incorporated  to 
improve  the  reliability  of  deep  sea  moorings. 

Upon  recovery  of  these  moorings  the  components  or  specimens  were  examined  to  de¬ 
termine  the  degree  of  deterioration  and  when  applicable  establish  the  mode  of  their  failure. 
This  systematic  analysis  was  performed  primarily  at  the  C.S.  Draper  Laboratory  of  the 
Massachusetts  Institute  of  Technology  and  at  the  Ocean  Structures,  Moorings  and  Materials 
Section  of  the  Woods  Hole  Oceanographic  Institution. 

Components  or  specimens  were  visually  examined  immediately  after  retrieval  to  de¬ 
tect  gross  features  of  deterioration  (corrosion,  fish  bites,  kinks,  wire  breaks,  etc. ).  The 
ultimate  tensile  strength  of  representative  samples  were  often  determined  to  establish  the 
percentage  of  strength  loss.  The  bitter  ends  and/or  the  fracture  faces  of  components  were 
also  subjected  to  exhaustive  macro  and  micro  examination  and  metallurgical  testing  in  order 
to  understand  the  mode  and  ascertain  the  cause  of  the  failure.  In  broken  wire  rope,  for  ex¬ 
ample,  the  strands  a;e  carefully  disassembled  and  the  fracture  face  of  each  wire  is  exam¬ 
ined  to  determine  nature  of  the  break.  Samples  are  photographed  in  the  raw  state  and  after 
solvent  cleaning  are  inspected  by  a  100X  stereo  microscope.  Stainless  steel  specimens 
are  often  cleaned  in  dilute  nitric  acid. 


551 


When  necessary,  croaa-aectiona  of  apecimena  are  prepared  metallographically  for 
atudy.  A  scanning  electron  mlcroacope  has  been  found  useful  in  determining  the  fracture 
path  in  those  instances  where  subsequent  corrosion  has  not  damaged  the  fracture  face. 

The  following,  outlines  in  the  form  of  a  series  of  case  studies,  some  of  the  typical 
and  more  interesting  modes  of  deterioration  and  failure  so  far  encountered. 

4.  Case  Studies 

1.  Wire  Rope  Assemblies.  Wire  rope  is  extensively  used  in  deep  sea  moorings  as  it  is 
easy  to  store  and  handle,  is  moderate  in  cost,  has  low  elongation  characteristics  and  resists 
fish  attack.  It  is,  however,  susceptible  to  mechanical  damage  (kinks),  fatigue  and  corrosion 
of  the  wires.  The  success  of  mooring  lines  using  wire  rope  depend  to  a  great  extent  on  the 
type  of  wire  rope  selected  and  on  the  means  of  protection  from  the  environment  (6).  Further¬ 
more,  wire  rope  terminations  are  critical  and  often  are  an  additional  cause  of  wire  rope 
assembly  failure.  Deterioration  and  failure  due  partly  or  entirely  to  corrosion  effects  has 
been  noted: 

a.  Deep  Sea  Moorings:  The  initial  moorings  used  Nicopress  fittings  for  terminations 
and  bare  steel  wire  rope  with  a  relatively  high  failure  rate.  A  change  to  a  better  termina¬ 
tion  (Fig.  4),  an  improved  type  of  rope  (torque  balanced),  and  larger  size  with  zinc  coated 
wires,  has  resulted  in  a  very  low  failure  rate  within  the  limits  of  present  life  expectancy 
(6  months).  As  an  additional  protection  against  corrosion  and  for  better  hydrodynamic 
characteristics,  the  rope  is  covered  with  a  plastic  jacket.  Usually,  this  is  a  polyethylene/ 
polypropylene  copolymer  but  other  coatings  can  be  used,  such  as  urethane  and  polycarbonate. 
Fish  bite  is  still  a  problem  and  Fig.  2  shows  a  severely  slashed  wire  rope  jacket  retrieved 
from  mooring  314.  Fish  bite  has  not  as  yet  caused  a  cable  failure  although  the  inside  is 
flooded.  The  construction  of  any  wire  rope  causes  the  presence  of  a  multitude  of  crevices 
which  should  permit  crevice  corrosion  to  occur.  This,  being  like  pitting  corrosion,  an 
autocatalytic  type  of  corrosion.  As  noted  by  Fontana  (7),  the  driving  force  for  the  reaction 
to  continue  is  the  need  to  maintain  electroneutrality.  The  overall  reaction  involving  the 
dissolution  of  metal  M  and  the  reduction  of  oxygen  to  hydroxide  is  as  follows: 

Oxidation  M  — ►  M+  +  e 

Reduction  0^  +  211^0  +4  e  -►  40H 

Initially  these  reactions  occur  uniformly  both  within  and  outside  the  crevice.  Charge 
conservation  must  be  maintained  and  a  hydroxyl  ion  is  produced  for  every  metal  ion  in  solu¬ 
tion.  After  a  short  time  the  oxygen  within  the  crevice  is  depleted  and  as  dissolution  of  metal 
produces  an  excess  of  positive  charge  in  the  solution,  this  must  be  balanced  by  the  diffusion 
of  chloride  ions  into  the  crevice  to  maintain  electroneutrality. 

For  metals  commonly  used  in  underwater  applications,  hydrolysis  takes  place. 

M  +  Cl-  +  H20  — ►  MOH  +  H+  Cl" 

Chloride  and  hydrogen  ions  accelerate  the  dissolution  rate  and  consequently  the  rate 
of  oxygen  reduction  on  adjacent  surfaces  also  increases.  However,  as  these  gashes  are 
generally  narrow,  it  is  postulated  that  there  is  a  limiting  exchange  of  water  within  the 
jacket  and  outside.  Corrosion  does  occur  but  generally  at  a  very  low  rate  due  to  the  non¬ 
availability  of  replacement  ions.  On  occasions  damage  to  the  jacket  has  occurred  during 
deployment  and  if  severe  enough  the  corrosion  can  also  be  severe.  The  results  from  the 
shallow  water  test  site  does  show  that  for  the  same  type  of  rope,  jacketed  samples  outlast 
bare  samples  by  a  factor  of  approximately  4:1. 

Fatigue  failure  have  occurred  with  the  termination  fitting.  Until  recently  they  were 
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manufactured  from  a  1017  carbon  steel  eyebolt  with  a  drilled  hole  in  the  shank.  The  shank 
is  swaged  over  the  wire  rope  and  the  resultant  strength  of  such  a  bond  should  exceed  the 
rated  strength  of  the  wire  rope.  Station  374  was  set  in  April  1971  and  failed  within  7  days 
at  a  depth  of  900  meters  below  the  surface  under  generally  calm  conditions.  The  individual 
wires  were  examined  and  most  had  failed  in  shear  leading  to  the  conclusion  that  an  Improper 
swaging  operation  had  taken  place.  This  was  not  a  corrosion  problem  but  only  indicates  the 
need  for  careful  examination  of  each  failure.  A  number  of  moorings  are  set  at  W.  H.  O.  I. 
site  D  approximately  100  miles  south  from  Woods  Hole  with  few  recent  failures  in  wire  rope. 
Stations  403  and  40S  set  October  1971  failed  at  the  termination  with  the  shank  failing  in 
fatigue,  after  14  and  60  days  respectively.  Occasionally,  the  Gulf  Stream  shifts  and  these 
particular  moorings  were  subjected  to  higher  currents  and  consequently  greater  stress  than 
for  which  they  were  designed.  The  endurance  limit  was  exceeded  and  the  failures  were  due 
primarily  to  fatigue  but  also  compounded  by  the  environmental  effects  of  the  ocean.  To 
overcome  the  fatigue  problem  in  the  termination  itself,  the  end  fitting  had  to  be  redesigned. 

It  is  now  made  of  1040  steel  with  a  heavier  wall  thickness  to  increase  the  endurance  limit 
of  the  steel.  Such  fittings  are  now  routinely  being  used. 

b.  Shallow  Water  Array  Moorings:  Wire  rope  evaluation  has  so  far  been  the  principal 
objective  of  the  shallow  water  tests.  For  such  rope  flexibility,  resistance  to  impact  loading 
and  resistance  to  hydrodynamic  drag  are  important  features.  The  latter  factor  can  be  re¬ 
duced  somewhat  by  using  a  swaged  wire  rope  which  has  a  smaller  diameter  for  a  given 
number  of  wires.  The  swaging  operation  does  indent  wires  and  tests  in  the  shallow  water 
array  in  this  configuration  showed  that  fatigue  cracks  had  propagated  from  such  areas. 

For  long  life,  the  corrosion  behaviour  of  a  wire  rope  can  be  the  limiting  factor  and 
this  has  prompted  an  evaluation  of  newer  materials. 

Two  samples  of  Inconel  625  1/4"  -  7x19  aircraft  construction  wire  ropes  were  tested 
and  retrieved  after  279  and  294  days  on  station.  Broken  wires  were  noted  and  part  of  the 
rope  had  "bird  caged. "  This  can  happen  with  a  sudden  load  release  or  with  cyclic  loading 
the  rope  can  rotate  and  separate  the  strands.  The  wires  that  were  broken  were  not  the  core 
wires  and  examination  showed  that  these  wires  had  broken  with  brittle  type  fracture.  It 
appears  that  this  configuration  rather  than  corrosion  has  caused  the  failures  noted.  It  would 
be  desirable  to  test  this  material  in  a  more  standard  type  of  configuration  such  as  a  3x19 
torque  balanced  rope. 

Three  samples  of  an  18/18/2  <  Cr,  Ni,  Mo)  modified  stainless  steel  have  been  tested 
at  the  shallow  water  site  and  failed  after  approximately  12,60,  and  75  days  respectively. 

All  three  samples  were  3/16"  3x19  torque  balanced  cable  and  the  first  two  samples  failed 
at  the  termination  which  was  a  standard  swaged  steel  eye  bolt.  A  defective  swaging  opera¬ 
tion  had  caused  shearing  of  the  wires  and  premature  failure  of  the  first  rope  tested.  The 
second  rope  failed  at  the  termination  due  to  fatigue.  The  third  rope  utilized  stainless  steel 
aircraft  type  swaged  terminations  and  specialized  grips  to  transfer  bending  motion  away 
from  the  termination.  The  wires  failed  in  brittle  fracture  and  metallographic  examination 
shows  cracks  in  the  wire  both  at  the  point  of  failure  and  away  from  this  zone.  It  was  thus 
concluded  that  the  problem  belonged  more  to  the  actual  wire  drawing  process  than  environ¬ 
mental  effects. 

A  titanium  wire  rope  1/4"  7x7  configuration  consisting  of  6  A1  4V  wires  was  tested 
and  failed  after  27  days.  Each  individual  wire  was  resin  coated  and  the  end  terminations 
consisted  of  epoxv  filled  socket  grips.  The  rope  failed  completely  approximately  1"  from 
one  termination  in  a  brittle  fracture  and  partly  failed  at  the  other  termination.  Micro  hard¬ 
ness  tests  indicated  that  work  hardening  v  as  not  a  factor.  As  has  been  shown  (8)  such  alloys 
are  susceptible  to  stress  corrosion  cracking  which  can  be  related  to  microstructure  and  the 
effect  of  alloying  elements  such  as  aluminum.  The  local  embrittlement  is  generally  associa¬ 
ted  with  propagation  of  stress  corrosion  cracks  and  further  tests  are  planned  with  this  rope 
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to  more  fully  identify  cause  of  failure. 

A  sample  of  1/4"  1x7  jacketed  glass  fibre  rope  with  epoxy  filled  end  fittings  was  test¬ 
ed  and  failed  at  the  end  fitting  after  146  days.  Two  samples  of  Nupaglass  monostrand  fibre 
rope  were  tested  and  failed  after  370  days  and  618  days  respectively.  As  this  rope  shatters 
on  failure,  it  is  difficult  to  determine  the  cause  but  may  be  due  to  hydrolytic  effects.  In  com¬ 
parison,  it  should  be  noted  that  a  torque  balanced  3x19  jacketed  mild  steel  cable  set  in  May 
1970  is  still  on  location  whereas  another  sample  with  deep  gashes  to  simulate  fish  bite  failed 
after  367  days.  Also  two  samples  of  1  x42  G.  A.  C.  jacketed  cable  failed  after  533  and  581 
days  respectively  by  fatigue  at  the  termination. 

2.  Mooring  Line  Points  of  Attachment 

a.  Attachment  to  Buoy:  Mooring  228  was  set  in  the  North  Atlantic  on  December  19th, 
1968.  The  surface  buoy  had  disappeared  when  time  came  for  recovery  on  April  17,  1969. 
Recovery  was  achieved  by  use  of  a  back-up  recovery  system.  This  compound  mooring  used 
1  x42  UHS  steel  cable  and  5/8"  nylon  rope.  Failure  occurred  at  a  1"  diameter  stainless 
steel  bolt  on  the  rigid  bridle  under  the  surface  buoy  which  is  used  as  a  connection  point  from 
the  mooring  line  to  the  buoy  (Fig.  5).  The  tension  record  on  a  tensiometer  close  to  the  sur¬ 
face  showed  the  highest  recorded  tension  to  be  4, 000  lbs.  This  bolt  has  been  previously 
used  and  the  actual  immersion  time  is  difficult  to  ascertain. 

The  fractured  face  showed  a  relatively  smooth  surface,  covering  approximately  seven¬ 
ty  percent  of  the  area  while  the  balance  had  a  rough  crystalline  appearance.  The  smooth 
surface  was  marked  with  "beach  marks"  more  pronounced  at  the  edge  but  extended  across 
the  surface.  Micro  examination  at  500X  showed  no  signs  of  ductility  in  the  smooth  area  but 
was  evident  in  the  region  that  broke  with  a  crystalline  appearance. 

It  was  concluded  that  the  bolt  had  failed  in  fatigue  and  that  it  had  followed  the  three 
stages  of  the  fatigue  process:  - 

1.  Initial  fatigue  damage  leading  to  a  crack  initiation. 

2.  Crack  propagation  until  the  remaining  uncracked  croBS-section  of  the  part  became 
too  weak  to  carry  the  load  imposed  upon  it. 

3.  Final  sudden  fracture  of  the  remaining  cross-section. 

As  this  failure  occurred  in  sea  water,  the  failure  could  more  properly  be  called  cor¬ 
rosion  fatigue.  Microscopic  examination  was  carried  out  to  determine  the  cause  of  the  ini¬ 
tial  crack.  The  presence  of  sulfide /selenide  stringers  indicated  that  this  material  was  a 
free  machining  grade  steel  and  was  verified  by  analysis  to  be  Type  303.  Surface  examina¬ 
tion  in  the  vicinity  where  the  crack  originated  showed  the  presence  of  deep  pits,  often  as  an 
extension  of  the  sulfide/selenide  stringers.  It  was  concluded  that  the  fatigue  crack  started 
at  a  pit  site  caused  by  corrosion  due  to  the  inhomogeneities  present  in  the  form  of  the  string¬ 
ers.  In  corrosion  fatigue  the  rate  of  crack  propagation  is  enhanced  due  to  the  effect  of  cyclic 
stresses  and  corrosion,  and  also  the  rate  of  corrosion  is  affected  by  the  properties  of  the 
surface  film.  The  film  on  stainless  steel  once  broken  in  sea  water  cannot  be  reformed.  The 
pitting  type  of  corrosion  is  one  form  of  electrochemical  corrosion  being  an  autocatalytic  type 
of  anodic  reaction.  This  type  of  failure  being  due  to  corrosion  fatigue,  step  2  of  the  classi¬ 
cal  fatigue  process  outlined  above,  could  be  modified  in  that  the  combined  action  of  corro¬ 
sion  and  cyclic  stresses  damages  the  steel  to  such  an  extent  that  the  fatigue  process  is 
accelerated  and  that  even  if  the  corrosive  environment  were  entirely  removed,  fracture 
would  still  result. 

Unfortunately,  the  prediction  and  prevention  of  fatigue  failure  is  a  complex  subject  and 
the  present  state  of  the  art  leaves  much  to  be  desired  on  the  numerous  factors,  influencing 
fatigue  behaviour.  It  is  possible,  at  least  in  principle,  to  overdesign  a  part  by  overestimat¬ 
ing  the  expected  loads  and  by  keeping  the  design  stresses  at  very  low  levels.  In  order  to 
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prevent  fatigue  failure  there  are  three  approachea  that  can  be  utilized.  An  analytical 
approach,  an  experimental  approach  and  planned  inspection  of  the  component  during  their 
life.  Due  to  insufficient  data,  a  purely  analytical  approach  has  severe  limitations.  An  ex¬ 
perimental  approach  Is  expensive  and  time  consuming  but  an  inspection  and  monitoring 
method  can  be  beneficial.  In  this  application,  the  material  waa  changed  to  a  316  type  stain¬ 
less  steel  which  eliminates  the  presence  of  stringers  and  although  they  are  susceptible  to  a 
pitting  type  corrosion,  they  are  less  susceptible  than  the  steels  they  replaced.  The  compon¬ 
ents  are  routinely  inspected  after  each  retrieval. 

b.  Attachment  ot  Instruments  Inserted  in  the  Line:  Another  example  of  a  problem 
with  stainless  steel  is  the  failure  of  a  bail  of  a  tension  meter  housing  on  Station  323.  This 
mooring  was  set  January  4,  1970  and  failed  March  9,  1970.  This  bail  had  previously  been 
used  for  4  months.  The  mooring  was  on  the  ocean  bottom  which  caused  also  the  collapse 
of  the  instrument  housing  not  being  designed  to  withstand  high  pressure.  As  noted  in  Fig.  7 
the  bail  is  in  the  shape  of  a  U-bolt  passing  through  the  end  plate  of  the  case  and  is  held  in 
place  by  nuts  on  top  and  bottom  of  the  plate.  To  prevent  nut  rotation,  they  were  tackwelded 
onto  the  bolt.  The  fracture  face  of  this  bail  was  examined  using  a  scanning  electron  micro¬ 
scope  which  showed  that  failure  had  occurred  by  stress  corrosion  cracking.  The  require¬ 
ments  in  this  case  are  a  tensile  stress  and  a  corrosive  medium.  Different  materials  are 
attached  by  different  media  and  stainless  steels  are  subject  to  cracking  in  a  chloride  envi¬ 
ronment.  Analysis  showed  that  the  material  was  also  a  free  machining  grade  type  303 
stainless  steel  which  after  welding  is  susceptible  to  intergranular  corrosion.  This  attack 
is  localized  at  and  adjacent  to  grain  boundaries  with  relatively  little  corrosion  of  the  grains. 
Unless  stabilized  steels  are  used,  welding  causes  chromium  depletion  at  the  grain  boundaries. 
Metallographic  sectioning  showed  that  this  was  the  case  and  that  intergranular  corrosion 
was  present.  Pits  were  noted  at  the  surface  and  apparently  at  least  one  was  deep  and  sharp 
enough  to  initiate  a  stress  corrosion  crack.  This  is  generally  a  very  rapid  mode  of  deterior¬ 
ation.  Brown  has  pointed  out  the  problems  in  quantifying  the  index  of  resistance  to  stress 
corrosion  cracking,  an  index  comparable  to  the  arbitrary  0.  2%  offset  yield  strength  index 
of  resistance  to  plastic  deformation.  It  is  possible  that  cathodic  protection  measures  may 
help  in  coping  with  stress  corrosion  cracking  but  not  enough  data  is  available  to  generalize. 

Another  failure  occurred  in  Station  322  and  examination  of  retrieval  hardware  showed 
failure  was  at  a  current  meter  utilizing  same  type  of  bail.  The  problem  of  intergranular 
corrosion  can  be  overcome  and  in  this  case,  new  bails  were  made  of  316  stainless  steel  and 
the  nuts  wjre  epoxied  onto  the  threaded  portion.  All  instruments  were  so  modified  but  on 
station  3  <3  a  current  meter  failed.  This  bail  was  also  examined  by  a  scanning  electron 
microscope  and  showed  also  that  the  bolt  had  failed  by  stress  corrosion  cracking.  In  this 
case,  the  initial  crack  had  occurred  at  the  root  of  the  thread.  These  threads  are  machined, 
not  rolled,  and  the  root  in  this  case  was  rough  and  sharp.  This  was  sufficient  to  form  a 
crevice  and  a  pit  had  formed  and  again  a  stress  crack  had  propagated  causing  failure.  The 
solution  in  this  case  was  to  redesign  the  bail  and  one  typical  modification  was  to  use  a 
threaded  eyebolt  and  another  was  to  cathodically  protect  the  bail  with  an  expendable  block 
of  zinc. 

3.  Mooring  Hardware 

a.  Shackles:  1/2"  round  pin  anchor  shackles  with  galvanized  steel  cotter  pins  were 
originally  used  to  connect  the  mooring  components.  The  pin  of  the  shackle  is  held  in  place 
by  the  cotter  pin,  but  tests  run  in  the  shallow  water  test  site  showed  that  the  cotter  pin 
could  corrode  away,  allowing  the  shackle  pin  to  fall  out.  Corroded  and  abraded  cotter  pins 
were  found  on  the  moorings,  corrosion  being  accelerated  by  motion.  Tests  were  run  on 
alternate  materials  for  cotter  pins  in  both  deep  and  shallow  water  moorings  and  a  change 
was  made  to  use  type  316  stainless  steel.  A  further  modification  was  made  in  that  the 
shackle  pin  was  initially  replaced  by  a  bolt  held  by  a  "stop  nut"  with  a  nylon  insert.  How¬ 
ever,  the  nylon  insert  created  a  further  problem  of  crevice  corrosion  so  that  the  final 
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configuration  is  now  to  use  stop-nut  without  a  nylon  insert,  backed  up  by  a  31S  stainless 
steel  cotter  pin. 

b.  Toroid  Binds:  These  bands  are  used  to  hold  the  supporting  structure  on  the  syn¬ 
tactic  foam  surface  buoy.  Mooring  379  had  a  band  that  was  completely  broken  and  a  second 
band  that  had  partly  fractured.  These  bands  are  made  of  304  stainless  steel  and  although 
the  cracking  had  occurred  near  the  welds  there  was  no  evidence  of  improper  welding  tech¬ 
niques.  There  is  a  fibreglass  coating  over  the  band  and  the  welded  area  was  rought.  It 
was  concluded  from  the  nature  of  the  crack  and  the  presence  of  further  cracks  away  from 
the  fracture  zone  that  cracking  had  occurred  due  to  crevice  corrosion  and  failure  waB  due 
to  corrosion  fatigue.  It  was  recommended  to  the  manufacturer  to  smooth  the  welded  areaB, 
by  polishing  if  necessary  to  reduce  the  presence  of  roughened  areas. 

c.  Brummel  Hooks:  These  hooks  are  used  for  attaching  glass  balls  to  a  mooring  line 
having  a  quick  connect /disconnect  facility.  In  this  way,  glass  balls  in  nylon  nets  can  be 
quickly  attached  to  a  line  as  it  is  being  paid  out  from  the  ship,  such  balls  being  essential 
for  buoyancy  purposes.  These  hooks  are  only  available  in  manganese  bronze  in  a  composi¬ 
tion  that  is  susceptible  to  dezincification  or  selective  corrosion.  In  this  type  of  corrosion, 
which  is  noted  in  brasses  and  bronzes  containing  more  than  15%  zinc,  the  zinc  is  corroded 
away,  leaving  behind  a  porous  copper  mass  of  little  strength.  The  slow  disappearance  of 
zinc  from  the  alloy  can  be  disastrous,  as  apart  from  a  change  in  color  which  can  be  attri¬ 
buted  to  tarnishing,  there  is  no  marked  change  indicating  that  corrosion  is  taking  place. 

The  loss  in  tensile  strength  caused  the  hooks  to  fracture  with  the  loss  of  balls.  As  these 
hooks  are  not  available  in  alternate  materials,  a  time  limit  is  now  placed  on  the  time  of 
exposure.  They  are  used  once  on  4  month  moorings  and  if  a  mooring  is  expected  to  remain 
on  station  for  more  than  this  period,  alternate  means  of  attachment  of  glass  balls  to  the  line 
are  used.  Such  a  method  is  to  place  the  glass  balls  in  polyethylene  containers  which  are 
then  bolted  onto  chain. 

4.  Instrument  Hardware 

The  connecting  hardware  on  the  instrument  cases  is  usually  stainless  steel  whereas 
the  terminations  of  the  wire  rope  are  mild  steel  which  has  led  to  problems  with  galvanic 
corrosion.  This  problem  has  generally  been  alleviated  by  careful  consideration  of  the  gen¬ 
eral  rules :- 

a)  Use  a  combination  of  materials  as  close  together  as  possible  in  the  galvanic  series. 

b)  If  dissimilar  metals  are  to  be  used,  ensure  that  a  large  anode  is  coupled  to  a 
small  cathode. 

c)  Coat  cathode  only  and  not  the  anode. 

d)  If  possible,  install  a  third  non  structural  metal,  e.  g.  zinc,  anodic  to  both  materials 
in  galvanic  contact. 

The  instrument  cases  are  generally  extruded  aluminum  alloys  7075-T6  or  6061 -T6 
which  are  hard  coat  anodized  and  then  coated  with  an  epoxy  paint.  Care  must  always  be 
taken  to  ensure  that  this  coating  is  not  ruptured  ns  otherwise  serious  pitting  can  occur. 

The  fasteners  used  on  such  cases  are  usually  316  stainless  steel.  For  cathodic  protection, 
two  methods  can  be  utilized:- 

a)  All  cathodic  metal  grounded.  In  this  case,  all  material  is  electrically  at  the  same 
potential  with  a  common  anode  to  protect  both  metals. 

b)  All  cathodic  metals  electrically  isolated  from  each  other  and  protected  by  indivi¬ 
dual  anodes. 

Both  methods  are  being  used  and  under  evaluation  for  life  and  cost  effectiveness. 
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5.  Review  of  Corrective  Measures 


Typical  corrections  recommended  and  Implemented  for  increased  reliability  of  moor¬ 
ings  were: 

—  Cathodic  protection 
—  Elimination  of  galvanic  incompatibility 
—  Precautions  in  welding 

—  Precautions  in  machining  (elemination  of  roughened  surfaces) 

—  Material  changes  (i.  e.  318  S.S.  in  lieu  of  303  S. S,  ,  etc.) 

—  Coatings  (care  taken  in  surface  preparation) 

—  Elimination  of  crevice  corrosion  (use  of  sealants) 

—  Design  for  corrosion  fatigue  and  stress  corrosion  cracking 

6.  Conclusions 

A  program  instituted  by  the  Ocean  Engineering  Department  of  the  Woods  Hole  Ocean¬ 
ographic  Institution  and  carried  out  primarily  at  the  C.  S.  Draper  Laboratory  of  M.  1.  T. 
has  involved  the  failure  analysis  of  numerous  mooring  line  components.  This  continual 
analysis  has  been  used  to  advantage  to  recommend  design  and  material  changes  resulting 
in  an  improved  resistance  to  environmental  deterioration. 

The  improved  reliability  is  evidenced  by  longer  moorings  and  the  major  causes  of 
problems  now  are  mainly  mechanical.  This  can  be  due  to  too  much  tension  in  strong 
currents,  vibration,  or  isolated  events  such  as  a  weak  component.  It  is  imperative  that 
each  new  mooring  or  instrumented  array  be  carefully  examined  for  corrosion  problems, 
particularly  at  the  design  stage  for  the  various  instruments  used  in  line. 

The  work  reported  in  this  paper  was  supported  by  the  Office  of  Naval  Research  under 
Contract  Number  Noool4  -  C0241  -  NR083  -  004. 

References 

1.  H.  O.  Berteaux,  R.  Heinmiller,  "Back  Up  Recovery  Systems  of  Deep  Sea  Moorings,  " 
W.H.O.  I.,  Tech.  Memo.  69-7. 

2.  H.O.  Berteaux,  E.  A.  Capadona,  R.  Mitchell  and  R.  L.  Morey,  "Experimental  Evidence 
on  the  Modes  and  Probable  Causes  of  a  Deep  Sea  Buoy  Mooring  Failure,"  P.  671 
Trans.  Marine  Tech.  Soc.  1968. 

3.  R.  Morey,  "Evaluation  of  Long  Term  Deep  Sea  Effects  on  Mooring  Line  Components, " 
M.  I.  T. ,  C.  S.  Draper  Lab  Report  (In  Press). 

4.  J.  M.  Dahlen,  "Oceanic  Telescope  Engineering  Program,"  M.  I.  T.  C.  S.  Draper  Lab 
Report  E-2367  (1970). 

5.  H.  O.  Berteaux  and  R.  G.  Walden. ,  "An  Engineering  Program  to  Improve  the 
Reliability  of  Deep  Sea  Moorings,"  6th  Annual  Preprints,  M,  T.  S.  (1970). 

6.  H.  O.  Berteaux,  "A  Review  of  W.  H.  O.  I.  Buoy  Programs, "  Collcqi'e  Internationale 
sur  L’ Exploitation  des  Oceans,"  Theme  V,  Tome  II,  Bordeaux  (1971). 

7.  H.  G.  Fontana  and  N.  D.  Greene,  "Corrosion  Engineering,  "  McGraw  Hill,  New  York 
(1967) 

8.  T.  L.  Mackay  and  N.  A.  Tiner,  "Stress  Corrosion  Susceptibility  of  Titanium  Alloys 
in  Aqueous  Environment,  "  P.  61,  Met.  Eng.  t^tly.  (1969). 


557 


Susstariied  Discussion 


Discussion  fro*  ths  floor  pointed  out  that  stress  corrosion  cracking 
such  as  sight  be  inferred  fro*  the  reported  cracking  failure  in  the  18%  C 
1%  Ni  stainless  steel,  would  not  be  expected  to  occur  in  unheated  sea 
water  unless  the  steel  had  been  severely  cold  worked. 
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figure  1.  Typical  W.  H.  0. 1.  Surface  Buoy  System 


Figure  2.  Ftshbite  on  .Jacketed  Wire  Rope 


559 


560 


561 


Th«  Relationship  IttwMn  the  Concentration  of  Oxygen  In  S« avatar 
and  tha  Corrosion  of  Metals 


Fred  M.  Reinhart  and  Jaaef  P.  Jenklna 

Naval  Civil  Engineering  Laboratory 
Port  Huenems,  California  93043 


The  research  prograa  to  determine  the  effecta  of  deep  ocean  environments  on  materials 
conducted  by  the  Naval  Civil  Engineering  Laboratory  over  the  past  ten  years  has  produced 
much  corrosion  Information  on  alloys  exposed  In  three  seawater  environments  of  dlfferennt 
oxygen  concentrations,  which  were:  an  average  of  0.4  milliliters  per  liter  at  a  nominal 
depth  of  760  meters,  an  avsrage  of  1.33  milliliters  per  liter  at  a  nominal  depth  of  1830 
maters  and  an  average  of  3.73  milliliters  per  liter  at  a  nominal  depth  of  1.3  meters.  The 
corrosion  rates  of  169  dlffsrsnt  alloys  aftsr  one  year  of  exposure  were  correlated  with  the 
respective  oxygen  concentrations  to  determine  whether  or  not  any  relationships  existed 
between  corrosion  rates  and  oxygen  concentrations. 

It  has  been  shown  that  for  many  alloys  which  corroded  uniformly  or  generelly  their 
corrosion  rates  Increased  linearly  with  Increasing  concentration  of  oxygen  In  seawater. 

This  linear  relationship  Indicates  that  the  concentration  of  oxygen  In  seawater  Is  a  major 
variable  In  the  corrosion  of  such  alloys. 

Cenerally,  there  was  an  erratic  relationship  between  changes  In  the  concentration  of 
oxygen  In  seawater  and  the  corroeion  rates  of  those  alloys  whose  corrosion  resistance  Is 
due  to  passive  films  on  their  surfaces.  These  alloys  were  the  stainless  steels,  the 
aluminum  alloys  and  the  nickel  alloys. 

Tha  corrosion  rate  of  copper  was  not  affected  by  changes  in  tha  concentration  of  oxyeen 
In  seawater.  The  corrosion  fates  of  four  aluminum  alleys  were  Inversely  proportional  to 
changes  In  the  concentration  of  oxygen  In  seawater.  The  corrosion  rates  of  3086-H34  and 
3436-H321  decreased  linearly  with  increasing  concentration  of  oxygen  and  those  of  alloys 
2219-T81  and  6061-T6  decreased  with  Increasing  concentration  of  oxygen  but  not  linearly 
or  uniformly  Tha  titanium  alloys  were  1 swine  to  corrosion  in  seawater  of  different  oxygen 
concentrations. 

Thus,  the  relationship  between  changes  In  the  concentration  of  oxygen  In  seawater  and 
the  corrosion  rates  varied  from  lannmlty  to  corrosion,  to  corrosion  rates  lncrsaslng 
linearly  with  the  concentration  of  oxygen,  to  corrosion  rates  Increasing  with  the  oxygen 
concentration  but  not  linearly,  to  corrosion  rates  decreasing  with  the  oxygen  concentration, 
to  changes  in  concentration  of  oxygen  having  no  apparent  effect  on  corrosion  rates. 

Key  Horde:  Corrosion;  seawater;  alloys;  oxygen;  metals;  nickel  alloys;  aluminum 

alloys;  copper  alloys;  stainless  steels;  steels;  Deep  Submergence;  cast  Irons; 

titanium  alloys. 


1.  Introduction 

This  Investigation  was  undertaken  to  determine  the  effect  of  the  concentration  of 
oxygen  In  eeawater  on  the  corrosion  of  metals. 

During  the  study  on  the  corrosion  of  mstals  In  deep  ocean  environments  much  Informa¬ 
tion  has  been  collected  on  the  charecterlstlcs  of  seawater  at  the  exposure  sites.  This 
study  was  conducted  by  the  Naval  Civil  Engineering  Laboratory,  Port  Hueneme,  California, 
and  was  conducted  between  1961  and  1971.  The  geographical  locations  of  these  exposure 
sites  In  relation  to  Port  Hueneme,  California,  are  shown  in  Figure  1  and  given  in  Table  1. 
Sites  1-1  to  4  were  at  a  nominal  depth  of  1830  meters,  sites  II— 1  and  2  were  at  a  nominal 
depth  of  760  metere  and  site  V  was  the  surface  site  where  the  specimens  were  completely 
Immersed  at  a  nominal  depth  of  1.3  meters.  The  seawater  characteristics  which  were 
determined  for  each  site  were  temperature,  oxygen  concentretlon,  salinity,  pH,  current  and 


562 


depth.  The  value*  of  these  variable*  3  Meter*  above  the  ocean  floor  and.  In  the  case  of 
the  surface  site,  l.S  asters  below  the  surface  are  given  In  Table  1.  The  changes  of  these 
variables  with  depth  are  shown  In  Figure  2. 

Corrosivity  of  an  envlronaent  Is  determined  by  Its  characteristics  and  by  changes  In 
the  Magnitudes  of  these  characteristics.  Changes  In  the  values  of  these  characteristics  of 
the  seawater  In  the  Pacific  Ocean  would  be  expected  to  affect  the  corrosion  of  Metals  and 
alloys  exposed  In  It.  The  corrosion  behavior  of  alloys  Is  affecteo  by  changes  In  the 
concentrations  of  the  constituents  of  seawater  with  depth.  Therefote  the  corrosion  behavior 
of  the  alloys  cannot  be  attributed  to  changes  In  the  concentration  of  any  one  characteristic 
but  Must  be  attributed  to  the  coMblned  effects  of  all  characteristics.  However,  It  Is 
possible  to  show  that  some  variables  exert  considerably  More  Influence  than  others  on  the 
corrosion  of  Metals. 

When  changes  In  the  oxygen  concentration  of  seawater  vs  the  corrosion  rates  of  the 
alloys  are  discussed  It  Must  be  understood  that  the  corrosion  rates  are,  In  fact,  the 
product  of  the  effects  caused  by  all  the  corrosive  constituents  of  seawater  but  In  this 
paper  that  eMphasls  is  being  placed  only  on  the  oxygen  concentration. 

In  the  area  In  which  these  exposures  were  conducted  and  at  the  exposure  depths  In  the 
Pacific  Ocean  the  concentration  of  oxygen  varied  fron  0.4  to  5.75  Milliliters  per  liter. 

The  results  of  the  corrosion  behavior  of  the  different  alloys  at  the  above  three  exposure 
sites  after  one  year  of  exposure  were  evaluated  for  the  relationships  between  changes  In 
the  oxygen  concentration  of  seawater  and  their  corrosion  behavior. 

This  discussion  considers  the  relationship  between  changes  In  the  concentration  of 
oxygen  In  seawater  and  the  corrosion  behavior  of  steels,  cast  Irons,  stainless  steels, 
copper  alloys,  nickel  alloys,  alumlnuM  alloys  and  a  few  Miscellaneout  alloys. 

2.  Results  and  Discussions 

Steels.  The  chemical  compositions  of  the  steels  are  given  In  Table  2.  The  relation¬ 
ship  between  the  concentration  of  oxygen  In  seawater  and  the  corrosion  rates  of  the  steels 
after  one  year  of  exposure  Is  shown  graphically  In  Figure  3. 

Since  the  corrosion  rates  of  the  various  steels  were  nearly  the  same  at  any  one  oxygen 
concentration,  the  average  values  for  eny  one  oxygen  concentration  were  averaged  and  used 
to  prepare  Figure  3.  The  curve  for  these  average  corrosion  rates  of  all  the  steels  Is  a 
straight  line  with  the  corrosion  rate  Increasing  as  the  concentration  of  oxygen  In  seawater 
Increases.  Hence,  the  corrosion  rates  of  the  steels  are  proportional  to  the  concentration 
of  oxygen. 

The  average  of  the  corrosion  rstes  of  all  the  carbon  and  low  alloy  steels  after  one 
year  of  exposure  vs  the  oxygen  content  and  the  temperature  of  seawater  were  analyzed  using 
the  technique  of  linear  regression  analysis.  By  this  technique  a  relationship  between 
oxygen  content,  temperature  and  corrosion  rat*  was  obtained  for  the  average  of  all  carbon 
and  low  alloy  steels.  The  derived  formula  is: 

Corrosion  Rate  (microns  per  year)  ■  21.3  +  25.4(02)  +  0.356(T) 

The  corrosion  rate  Is  in  microns  per  yesr,  the  oxygen  content  of  seawater  In  milli¬ 
liters  per  liter  (ml/1)  and  the  temperature  In  degrees  Centigrade  (*C). 

This  derived  formula  illustrates  two  Important  points:  (1)  the  concentration  of 
oxygen  In  seawater  Is  a  major  variable  and  Its  effect  on  the  corrosion  rate  of  steel  In 
seawater  Is  linear.  (2)  The  temperature  of  the  seawater  has  much  less  effect  than  the 
oxygen  contant  and  its  effect  Is  also  linear. 

This  formula,  however,  cannot  be  used  to  predict  the  corrosion  rates  of  steels  in 
aeawatsr  at  other  locations  due  to  the  Influences  of  other  variables  which  may  be  present. 

M)l 

Walker  and  his  associates  observed  the  Influence  of  dissolved  oxygen  on  weighed 
test  specimens  In  distilled  water  at  room  temperature  and  Speller'*'  made  tests  In 


figures  In  parentheses  indicate  the  literature  references  at  the  end  of  this  paper. 
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McKeesport,  Pennsylvania,  tap  water  at  72*C  In  which  the  oxygen  concentration  was  decreased 
progressively  from  5.0  milliliters  per  liter  to  0.5  milliliters  per  liter.  The  results  of 
these  two  tests  showed  that  the  corrosion  rate  of  steel  was  proportional  to  the  oxygen  con¬ 
centration  In  nearly  neutral  solutions.  The  results  of  the  tests  in  our  investigation  In 
seawater  are  In  substantial  agreement  with  those  of  Walker  and  Speller. 

It  Is  Interesting  that  the  above  three  teats  made  in  three  different  electrolytes  all 
Indicated  the  saise  conclusion.  The  distilled  water  was  essentially  free  of  variables  other 
than  the  oxygen  concentration  and  ss>all  variations  In  room  teisperature  which  would  be 
expected;  the  tap  water  undoubtedly  contained  dissolved  salts  and  was  at  an  elevated  temper¬ 
ature;  the  seawater  contained  dissolved  salts,  was  at  different  temperatures  and  pressures. 

Cast  Irons ■  The  chemical  compositions  of  the  cast  Irons  are  given  In  Table  3.  The 
relationships  between  the  concentration  of  oxygen  in  seawater  and  their  corrosion  rates  are 
shown  graphically  in  Figure  4. 

The  corrosion  rates  of  the  three  types  of  cast  iron,  gray,  alloy  and  austenitic,  In¬ 
creased  linearly  with  the  concentration  of  oxygen  In  seawater.  The  Influence  of  the  con¬ 
centration  of  oxygen  In  seawater  on  the  corrosion  of  the  cast  Irons  was  very  similar  to  the 
behavior  of  the  wrought  steels.  The  slope  of  the  curve  for  the  alloy  cast  Irons  is  very 
close  to  the  slope  of  the  curve  for  the  steels.  The  slopes  of  the  curves  for  gray  and 
austenitic  cast  Irons  are  much  lower  than  that  for  the  alloy  cast  Irons;  nevertheless  their 
corrosion  rates  are  still  proportional  to  the  concentration  of  oxygen  In  seawater. 

Two  cast  Irons,  high  silicon  and  silicon-molybdenum,  were  uncorroded  In  seawater  after 
one  year  of  exposure.  These  two  cast  irons,  probably  because  of  the  passive  films  on  their 
surfaces,  were  Insensitive  to  changes  In  the  concentration  of  oxygen  In  seawater. 

Stainless  Steels.  The  chemical  compositions  of  the  stainless  steels  are  given  in  Table 
4.  The  relationship  between  the  changes  in  the  concentration  of  oxygen  In  seawater  and  the 
corrosion  rates  of  the  stainless  steels  are  shown  graphically  in  Figures  5,  6  and  7, 

The  relationship  between  changes  In  the  concentration  or  oxygen  in  seawater  and  the 
corrosion  rates  of  the  200  and  400  Series  stainless  steels  are  shown  In  Figure  5.  The 
corrosion  rate  of  AIS1  Type  410  stainless  steel  Is  proportional  to  the  concentration  of 
oxygen.  The  corrosion  rates  of  AISI  Types  201,  202  and  446  Increased  slightly  as  the 
concentration  of  oxygen  In  seawater  increased  from  1.35  to  5.75  milliliters  per  liter,  but 
their  corrosion  rates  cannot  be  considered  to  be  proportional  to  the  concentration  of 
oxygen  over  Its  entire  range,  0.4  to  5.75  milliliters  per  liter.  Even  though  the  corrosion 
rate  of  AISI  Type  430  stainless  steel  was  slightly  higher  at  the  highest  oxygen  concentra¬ 
tion  than  at  the  lowest  the  effect  of  oxygen  was  erratic. 

The  effects  of  changes  In  the  concentration  of  oxygen  in  seawater  on  the  corrosion 
rate:  tf  the  300  Series  stainless  steels  are  shown  in  Figure  6.  The  corrosion  rates  of 
AISI  Types  302,  304,  304L,  316  and  347  austenitic  stainless  steels  were  apparently  not 
solely  dependent  upon  the  concentration  of  oxygen  in  seawater.  The  corrosion  rates  of 
AISI  Types  301,  304  sensitized  and  325  Increased  with  increasing  concentration  of  oxygen 
In  seawater  but  not  uniformly. 

The  relationships  between  changes  In  the  concentration  of  oxygen  in  seawater  and  the 
corrosion  rates  of  the  600  Series  (precipitation  hardening)  stainless  steels  are  shown  In 
Figure  7.  The  behavior  of  these  stainless  steels  is  comparable  to  the  behavior  of  the 
AISI  Types  200,  300  and  400  Series  stainless  steels. 

After  one  year  of  exposure  in  seawater  the  corrosion  rates  of  the  following  stainless 
steels  were  either  less  than  2.5  microns  per  year  or  zero:  AISI  Types  309,  316L,  317,  329, 
633  and  20Cb-3,  17-14  Cu-Mo,  Nl-Cr-Mo  and  Ni-Cr-Mo-Si.  Therefore  the  corrosion  rates  of 
these  alloys  were  unaffected  by  changes  in  the  concentration  of  oxygen  in  seawater. 

As  is  well  known  oxygen  can  and  does  play  a  dual  role  in  the  corrosion  of  stainless 
steels  in  electrolytes.  An  oxidizing  environment  (presence  of  oxygen  or  other  oxidizer)  is 
necessary  for  maintaining  the  passivity  of  stainless  steels  which  is  responsible  for  their 
high  corrosion  resistance.  However,  this  same  oxidizing  environment  is  necessary  to 
initiate  and  maintain  pitting  in  stainless  steels.  Oxygen  often  acts  as  the  depolarizer 


for  passive-active  cello  created  by  the  breakdown  of  passivity  at  a  specific  point  or  area. 
The  chloride  ion  (present  In  abundance  In  seawater)  Is  singularly  efficient  In  accomplish¬ 
ing  this  breakdown.  Therefore,  this  dual  role  of  oxygen  in  seawater  can  be  used  to  explain 
the  inconsistent  and  erratic  corrosion  behavior  of  stainless  steels  In  this  environment. 

Copper  Alloys.  The  chemical  compositions  of  the  copper  alloys  are  given  in  Table  S. 

The  relationship  between  the  changes  In  the  concentration  of  oxygen  in  seawater  and  the 
corrosion  rates  of  copper  and  the  copper  alloys  are  shown  graphically  in  Figure  8. 

The  corrosion  of  copper  was  not  affected  by  changes  In  the  concentration  of  oxygen  over 
the  range  0.4  to  5.75  milliliters  per  liter.  The  corrosion  rates  of  all  but  two  of  the 
copper  alloys  were  so  comparable  that  their  rates  for  each  oxygen  concentration  were  aver¬ 
aged.  These  average  values  were  used  for  constructing  the  "Copper  Alloys"  curve  In  Figure 
8.  The  corrosion  rates  of  the  copper  alloys  Increased  linearly  with  the  concentration  of 
oxygen  In  seawater  and,  hence,  were  proportional  to  these  changes.  Exclusion  of  the  two 
alloys,  Muntz  Metal  and  Manganese  Bronze,  was  because  of  severe  dezlnciflcatlon. 

Nickel  Alloys.  The  chemical  compositions  of  the  nickel  alloys  are  given  in  Table  6. 

The  relationships  between  the  changes  In  the  concentration  of  oxygen  In  seawater  and  the 
corrosion  rates  of  the  nickel  alloys  are  shown  graphically  in  Figures  9,  10  and  11.  It 
Is  shown  In  Figure  9  that  the  corrosion  rates  of  Nl-200,  Ni-Cu  400,  Nl-Cr-Fe  600  and  X750 
and  Nl-Mo  2  alloys  Increase  linearly  with  the  oxygen  concentration  and,  therefore,  are 
proportional  to  the  oxygen  concentration. 

In  Figure  10  the  corrosion  rates  of  electrolytic  nickel;  Nl-201,  211  and  270;  Nl-Cu 
402,  406,  410,  KS00  and  45-55;  and  Nl-Cr  65-35,  75  and  80-20  alloys  Increase  with  Increas¬ 
ing  concentration  of  oxygen  In  seawater  but  not  linearly  and  therefore  are  not  directly 
proportional  to  the  oxygen  concentration.  Changes  In  the  concentration  of  oxygen  do  not 
directly  affect  the  corrosion  behavior  of  Nl-Cr-Fe  alloys  610  and  88. 

In  Figure  11  the  corrosion  rates  of  Ni-301  and  Ni-Mo-Fe-"B"  increase  with  increasing 
concentration  of  oxygen  In  seawater  but  not  linearly.  The  shapes  of  the  curves  for  Nl-210, 
Nl-Cu-505,  Nl-Sh-Zn  23  and  Nl-Sl  D  show  that  the  relationship  between  changes  In  the 
concentration  of  oxygen  In  seawater  and  their  corrosion  rates  Is  Inconsistent  and  erratic. 

The  erratic  and  Inconsistent  relationships  between  changes  In  the  concentration  of 
oxygen  In  seawater  and  the  corrosion  of  nickel  alloys  can  be  explained  by  the  dual  role 
oxygen  plays  on  these  alloys  in  seawater.  Oxygen  Is  necessary  for  preserving  the  passive 
films  on  the  alloys  and  is  also  necessary  for  the  formation  of  passive-active  cells  when 
the  passive  film  breaks  down  locally.  This  Is  similar  to  the  effect  of  oxygen  on  the 
corrosion  of  the  stainless  steels  In  seawater. 

The  passive  films  on  some  nickel  base  alloys  were  so  stable  that  they  did  not  break 
down  after  one  year  of  constant  Immersion  In  seawater,  even  locally,  within  the  range  of 
oxygen  concentrations  In  this  Investigation.  These  alloys  were:  Nl-Cr-Fe-718;  Nl-Fe-Cr 
800,  804,  825,  825  sensitized,  825cb  and  901;  Nl-Cr-Mo  C,3  and  625;  Nl-Co-Cr-Mo  700;  and 
Nl-Cr-Fe-Mo  F,  G  and  X. 

Aluminum  Alloys.  The  chemical  compositions  of  the  aluminum  alloys  are  given  In  Table 
7.  The  relationships  between  the  changes  In  the  concentration  of  oxygen  In  seawater  and 
the  corrosion  rates  of  the  aluminum  alloys  are  shown  graphically  In  Figures  12  and  13. 

As  shown  in  Figure  12  the  corrosion  rates  of  Al-Mg  alloys  5086-H34  and  5456-H321 
decreased  linearly  with  Increasing  concentration  of  oxygen  In  seawater.  The  corrosion 
rates  of  Al-Cu  alloy  2219-T81  and  Al-Mg-Sl  alloy  6061-T6  decreased  but  not  linearly,  with 
Increasing  concentration  of  oxygen  In  seawater.  This  behavior  of  the  above  three  aluminum 
alloys  can  be  attributed  to  the  lack  of  sufficient  oxygen  to  prevent  local  breakdown  of 
the  protective  passive  films.  The  local  breakdown  will  cause  pitting.  In  these  three 
alloys  the  maximum  depths  of  pits  at  0.4  milliliters  per  liter  of  oxygen  were  1040,  1905 
and  1980  microns  and  at  5.75  milliliters  per  liter  tney  were  340,  405  and  660  ailerons. 

The  corrosion  rates  of  the  other  aluminum  alloys  1100-H14,  3003-H14,  2024-0,  5052, 
5083-H113  and  5454-H32  were  erratic  and  inconsistent  with  respect  to  changes  In  the 
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concentration  of  oxygen  In  seawater,  ae  shown  In  Figure  13.  Thla  behavior,  like  that  of  the 
atainleaa  eteeli  and  aoae  nickel  alloya,  can  be  attributed  to  the  dual  role  oxygen  can  play 
with  regard  to  alloya  which  depend  upon  paaelve  films  for  their  corrosion  reslatance. 

Mlacellaneoua  Alloya.  The  chemical  compositions  of  the  miscellaneous  alloys  are  given 
in  Table  8.  The  relationships  between  changes  in  the  concentration  of  oxygen  In  seawater 
and  these  miscellaneous  alloys  are  shown  graphically  In  Figure  14.  The  corrosion  rate  of 
lead  increased  linearly  with  the  concentration  of  oxygen  in  seawater.  The  corroalon  rate 
of  solder,  (67Pb-33  Sn)  also  Increased  with  Increasing  concentration  of  oxygen  in  seawater 
but  not  linearly  or  uniformly.  The  corrosion  rates  of  molybdenum  and  tungsten  were  higher 
at  the  highest  concentration  of  oxygen  in  seawater  than  at  the  lowest  concentration  of 
oxygen  but  the  shapes  of  the  curves  between  these  points  cannot  be  stated  since  no  data 
are  available  for  an  intermediate  oxygen  concentration.  The  relationship  between  changes 
In  the  concentration  of  oxygen  In  seawater  and  the  corrosion  rate  of  tin  was  erratic. 

Columbium,  tantalum  and  a  tantalum  alloy,  Ta60,  containing  about  101  tungsten  were 
unattacked  by  seawater  of  all  three  oxygen  concentrations  after  one  year  of  exposure. 

Titanium  Alloys.  Titanium  alloys  were  unattacked  by  seawater  of  all  three  concentra¬ 
tions  of  oxygen  after  one  year  of  exposure.  The  alloys  in  this  Investigation  were:  CP, 

75A,  Ti-0.15Pd,  5A1-2.5  Sn,  6A1-4V,  7Al-2Cb-lTa  and  13V-llCr-3Al .  It  is  well  known  that 
the  passive  film  on  titanium  alloys  does  not  break  down  at  ordinary  temperatures  in 
chloride  Ion  environments  (seawater);  hence,  Its  lssninlty  to  corrosion. 

3.  Summary  and  Conclusions 

The  purpose  of  this  Investigation  was  to  determine  the  relationships  between  changes 
In  the  concentration  of  oxygen  In  seawater  and  the  corrosion  of  alloys.  To  accomplish 
this  the  corrosion  rates  of  alloys  which  had  been  exposed  at  the  three  oxygen  concentrations 
(0.4,  1.35  and  5.75  milliliters  per  liter)  in  the  Pacific  Ocean  for  one  year  were  used  to 
determine  the  effects  of  oxygen. 

The  corrosion  rates  of  the  following  alloys  Increased  linearly  with  the  concentration 
of  oxygen  In  seawater:  The  steels,  cast  Irons,  copper  alloys  except  those  subject  to 
severe  parting  corrosion  (Hunts  Metal  and  Manganese  Bronxe  A),  AISI  Type  410  stainless 
steel,  Nl-200  alloy,  Ni-Cu  400  alloy,  Ni-Cr-Fe  alloys  600  and  X750,  Nl-Mo  2  alloy  and  lead. 
Linear  regression  analysis  using  the  corrosion  rates,  oxygen  concentrations  and  tempera¬ 
tures  of  seawater  gave  the  following  relationship  for  the  steels: 

Corrosion  Rate  (Microns  per  year)  ”  21.3  +  25.4(02)  ♦  0.356(T) 

The  corrosion  rates  are  in  microns  per  year,  the  oxygen  contents  cf  seawater  in  milli¬ 
liters  per  liter  (ml/L)  and  temperatures  In  degrees  Centigrade  (*C). 

This  derived  formula  illustrates  two  Important  points:  (1)  The  concentration  of  oxygen 
In  seawater  Is  a  major  variable  and  its  effect  on  the  corrosion  rate  of  steel  in  seawater 
Is  linear.  (2)  The  temperatures  of  seawater  has  less  effect  on  the  corrosion  of  steel  in 
seawater  than  the  oxygen  content  and  its  effect  is  also  linear. 

In  most  cases  If  the  alloy  corroded  uniformly  or  generally  its  corrosion  rate  in¬ 
creased  linearly  with  the  concentration  of  oxygen  -  such  alloya  were  the  steels,  cast 
irons,  copper  alloys  and  lead.  The  other  alloya,  AISI  Type  410  stainless  steel,  Ni-200 
alloy,  Nl-Cu  400  alloy,  Nl-Cr-Fe  alloys  600  and  X750,  and  Nl-Mo  2  alloy,  whose  corro¬ 
sion  rates  Increased  linearly  with  the  oxygen  concentration  were  corroded  by  the 
pitting  and  crevice  types  of  corrosion. 

The  corrosion  rate  of  copper  was  not  affected  by  changes  In  the  concentration  of 
oxygen  In  seawater. 

The  corrosion  rates  of  the  following  alloys  Increased  with  Increasing  concentra¬ 
tion  of  oxygen  In  seawater  but  not  linearly  or  uniformly!  AISI  Type  201,  202,  301, 

304  sensitised,  325,  446  and  632-RH1100  stainless  steels;  and  nickel  alloys,  electro¬ 
lytic  nickel,  Ni-200,  Ni-211,  Nl-270,  Ni-Cu  402,  Nl-Cu  406,  Nl-Cu  410,  Ni-Cu  K500, 

Ni-Cu  45-55,  Ni-Cr  65-35,  Ni-Cr  75,  Ni-Cr  80-20,  Ni-301,  and  Ni-Mo-Fe  "B";  and 
solder  composed  of  67  percent  Pb  and  33  percent  Sn. 
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The  relationship  between  changes  in  the  concentration  of  oxygen  in  seawater  and  the 
corrosion  rates  of  the  following  alloys  were  erratic:  AISI  Type  302,  304,  304L,  316,  347, 
430,  630-H92S,  631-TH1050  and  635  stainless  steels;  severely  dezlnclfled  copper  alloys 
Muntz  Metal  and  Manganese  Bronze  A;  nickel  alloys  Ni-Cr-Fe  610  and  88,  Ni-210,  Ni-Cu-505, 
Nl-Sn-Zn  23  and  Ni-Sl  D;  alunlnua  alloys  1100-H14,  3003-H14,  2024-0,  5052,  5083-H113  and 
S454-H32;  tin;  and  zinc. 

The  corrosion  rates  of  three  alualnua  alloys  were  Inversely  proportional  to  increasing 
concentration  of  oxygen  in  seawater.  The  corrosion  rates  of  5086-H34  and  5456-H321  de¬ 
creased  linearly  with  Increasing  concentration  of  oxygen.  The  decreases  in  the  corrosion 
rates  of  alualnua  alloys  2219-T6  and  6061-T6  with  Increasing  concentration  of  oxygen  were 
not  linear. 

Many  of  the  alloys  In  this  Investigation  were  uncorroded  in  seawater  containing  three 
different  concentrations  of  oxygen  (0.4,  1.35  and  5.75  allllllters  per  liter)  for  a  period 
of  1  year  of  exposure.  These  alloys  were:  cast  irons  containing  high  silicon  and  slllcon- 
aolybdenun;  AISI  Type  309,  316L,  317,  329  and  633  stainless  steels;  specialty  stainless 
steels  20Cb-3 ,  17-14-Cu-Mo,  Ni-Cr-Mo,  and  Ni-Cr-Mo-Sl;  nickel  alloys  Ni-Cr-Fe  718,  Nl-Fe-Cr 
800,  804,  825,  825  sensitized,  825Cb  and  901,  Nl-Cr-Mo  C,  3  and  625,  Nl-Co-Cr-Mo  700  and 
Nl-Cr-Fe-Mo  F,  C  and  X;  titanium  alloys  CP,  75A,  Ti-0.15Pd,  5A1-2.5  Sn,  6A1-4V,  7Al-2Cb-l  Ta 
and  13V-llCr-3Al ;  colunbium;  tantalus:  and  tantalus  alloy  Ta  60. 

The  Inconsistent  and  erratic  behavior  of  alloys  which  depend  upon  passive  films  for 
their  corrosion  resistance  Is  explained  on  the  basis  of  the  dual  role  oxygen  plays  In 
maintaining  these  fllM  or  In  perpetuating  passive-active  and  oxygen  concentration  corrosion 
cells. 

The  corrosion  rates  of  the  many  alloys  which  corroded  uniformly  or  generally.  Increased 
linearly  with  Increasing  concentration  of  oxygen  In  seawater.  This  linear  relationship  for 
so  asny  alloys  substantiates  the  major  Influence  of  oxygen  on  their  corrosion  behavior. 

4.  References 

1.  Frank  N.  Speller,  Corrosion  -  Causes  and  Prevention  (2nd  Ed.)  McGraw-Hill  Book  Co.,  Inc. 
pp  386-387,  1935. 

Summarized  Discussion 

In  response  to  a  question  whether  the  authors  had  considered  correlating 
oxygen  concentration  with  pitting  behavior,  they  replied  that  they  had  done 
this  with  the  finding  that  generally  oxygen  concentration  correlated  better 
with  pitting  factor  than  with  overall  corrosion  rate. 

Written  Contribution  by  B.  F.  Brown: 

The  authors  have  performed  a  valuable  service  in  demonstrating  that  the 
oxygen  content  of  natural  sea  water  can  play  an  important  role  in  controlling 
corrosion  rates,  and  that  increasing  oxygen  content  may  cause  an  increasing 
corrosion  rate  in  some  metals  and  a  decreasing  rate  in  others.  For  the 
benefit  of  the  engineer  who  is  not  a  corrosion  specialist,  it  should  be 
emphasized  that  the  research  data  reported  in  the  paper  are  average 
corrosion  rates  (assuming  perfectly  uniform  corrosion)  and  that  for  the 
great  majority  of  metals  which  corrode  nonuniformly,  the  data  are  not 
appropriate  for  designing  a  "corrosion  allowance.” 
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Table  1.  Exposure  Site  Location!  and  Sea  Water  Characteristic! 


Site  Latitude  Longitude  Depth,  Exposure,  Temp.  Oxygen  Salinity 


33°  46’ 
33°  44' 
33° 44’ 
33°  46’ 

34°06’ 

34°06’ 

34°06’ 


1  ml/l — milliliters  per  liter. 

2  ppt — parts  per  thousand. 


34.51  7.5 

34.51  7.6 

34.51  7.6 

34.40 


Table  2.  Chemical  Composition  of  Irons  and  Steels 


Armco  Iron 
Wrought  Iron 
AISI  1010 
AISI  1010 
Copper  Steel 
ASTMA36 
HSLA#1' 

HSLA  #2 
HSLA  #4 
HSLA  #5 
HSLA  #5 
HSLA  #7 
HSLA  #10 


Si  Ni  Cr  I  Mo 


0.02 

06  0.13  0.01 

50  0.004  0.23 

_.34  0.01  -  0.02 

0.40  0.01  -  0.02 

0.20  0.55  0.010  0.020 

0.18  0.86  0.014  0.023  0.28 

0.12  0.30  0.015  0.025  0.27 

0.36  0.08  -  0.41 

0.14  0.78  0.020  0.025  0.23 

with  mill  scale 

-  I  0.43  0.12  -  0.13 

0.83  0.01 


0.02  0.02 

0.01  0.03  - 

0.05  0.64  0.18  0.047 

2.34  1.25  0.20 

0.32  0.72 

0.74  0.56  0.42  0.36 


18%  Ni-Maraging  0.02  0.10  0.005  0.007  0.14  17.92  -  4.78 


1.5%  Ni 
3.0%  Ni 
5.0%  Ni 
9.0%  Ni 


not  recorded 
not  recorded 
not  recorded 
not  recorded 


Cu  Other 


2.5  slag 


B -0.1028 
TiO.020 

0.17 

0.38 

0.22  B -0.0041 


Co-8.75 

B-0.003 

Ti-0.94 

AIO.17 
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Table  3.  Chemical  Composition  of  Cast  Irons 


Material 

C 

Mn 

Si 

n 

Cr 

Mo 

Cu 

Nickel 

_ 

0.68 

2.47 

1.56 

_ 

_ 

Ni-Cr#1 

- 

0.73 

1.64 

1.66 

0.00 

- 

- 

Ni-Cr#2 

- 

0.86 

1.99 

3.22 

0.98 

— 

- 

Ductile  #1 

- 

0.3S 

2.50 

0.91 

- 

- 

- 

Ductile  #2 

- 

0.34 

2.24 

- 

— 

— 

- 

Silicon 

- 

- 

14.5 

- 

— 

— 

- 

Si-Mo 

- 

- 

14.0 

- 

- 

3.0 

- 

Austenitic,  Type  1 

- 

1.4 

2.05 

15.8 

1.79 

— 

6.71 

Austenitic,  Type  2 

- 

1.01 

2.29 

18.2 

2.04 

— 

- 

Austenitic,  Type  3 

- 

0.6 

1.16 

28.4 

2.87 

- 

- 

Austenitic,  Type  4 

- 

0.56 

6.34 

29.7 

4.97 

- 

- 

Austenitic,  Type  4 

2.13 

0.79 

5.60 

29.98 

5.02 

- 

0.16 

Austenitic,  Type  D-2 

- 

0.94 

3.0 

21.4 

2.26 

- 

- 

Austenitic,  Type  D-2b 

- 

0.96 

2.0 

20.8 

3.19 

- 

- 

Austenitic,  Type  D-2c 

2.4S 

2.12 

2.38 

22.34 

0.08 

— 

- 

Austenitic,  Type  D-3 
Austenitic,  Harden  able 

not  ret 

0.5 

»rded 

1.83 

29.8 

2.70 

* 

* 

Table  4.  Chemical  Composition  of  Stainlees  Steels 


Alloy 

C 

Mn 

a 

S 

a 

Ni 

Cr 

Mo 

Cu 

Other 

AISI  Type  201 

0.06 

6.8 

_ 

4.0 

17.1 

_ 

AISI  Type  202 

0.09 

7.6 

— 

- 

- 

4.5 

17.8 

— 

— 

— 

AISI  Type  301 

0.11 

1.17 

0.025 

0.021 

0.34 

6.73 

17.4 

— 

- 

- 

AISI  Type  302 

0.11 

1.36 

- 

- 

- 

9.9 

17.3 

0.12 

0.26 

- 

AISI  Type  302 

0.06 

1.05 

0.020 

0.013 

0.60 

9.33 

18.2 

— 

- 

- 

AISI  Type  304 

0.06 

1.62 

- 

- 

- 

9.5 

18.2 

0.34 

0.16 

- 

AISI  Type  304 

0.06 

1.73 

0.024 

0.013 

0.43 

10.0 

18.8 

— 

- 

— 

AISI  Type  304  Sensitized1 

0.06 

1.62 

- 

- 

- 

9.5 

18.2 

0.34 

0.16 

- 

AISI  Type  304L 

0.02 

1.45 

- 

- 

- 

9.5 

17.9 

— 

- 

— 

AISI  Type  304L 

0.03 

1.24 

1 

0.023 

0.68 

10.2 

18.7 

— 

- 

— 

AISI  Type  309 

0.10 

1.60 

— 

- 

- 

12.7 

23.3 

— 

- 

— 

AISI  Type  316 

0.05 

1.73 

- 

- 

- 

13.2 

17.2 

2.60 

- 

— 

AISI  Type  316 

0.06 

1.61 

0.021 

0.016 

0.40 

13.6 

18.3 

2.41 

- 

— 

AISI  Type  316L 

0.02 

1.78 

- 

- 

- 

13.6 

17.7 

2.15 

- 

- 

AISI  Type  316L 

0.02 

1.31 

0.012 

0.015 

0.47 

13.7 

17.9 

2.76 

- 

— 

AISI  Type  31 7 

1.61 

- 

- 

13.6 

18.7 

3.30 

- 

- 

AISI  Type  325 

0.03 

0.7 

— 

- 

23.5 

9.0 

— 

- 

- 

AISI  Type  329 

0.07 

0.46 

- 

- 

4.4 

27.0 

1.40 

- 

- 

AISI  Type  347 

0.04 

1.19 

— 

- 

11.3 

18.1 

- 

- 

AISI  Type  410 

0.13 

0.4 

- 

- 

0.2 

12.1 

- 

— 

AISI  Type  410 

0.13 

0.43 

0.019 

0.005 

0.1 

12.3 

- 

— 

AISI  Type  430 

EES 

0.4 

— 

- 

- 

17.7 

- 

- 

AISI  Type  446 

0.15 

0.8 

— 

- 

0.2 

30.0 

- 

— 

20Cb-3 

— 

- 

— 

- 

34 

20 

2.3 

3.4 

— 

Ni-Cr-Mo-Si 

- 

— 

— 

- 

1.0 

23.0 

21.0 

5.0 

- 

— 

AISI  Type  631  TH 1050 

0.071 

0.48 

0.017 

0.018 

0.42 

7.42 

17.12 

— 

- 

1.19  Al 

AISI  Type  630-H92S 

0.031 

0.24 

0.017 

0.011 

0.59 

4.17 

15.29 

- 

3.23 

0.24  Cb 

170-14  Ni-Cu-Mo 

- 

— 

- 

- 

- 

14 

16 

2 

3 

— 

AISI  Type  633 

- 

- 

- 

- 

- 

4 

17 

3 

- 

- 

AISI  Type  635 

0.05 

0.56 

0.026 

0.009 

0.74 

6.80 

16.8 

— 

- 

0.79  Ti 

AISI  Type  632-RH1 100 

0.070 

0.50 

- 

0.016 

0.28 

7.19 

15.05 

2.19 

- 

1.11  Al 

1  Heated  for  one  hour  at  1 200°F ,  air  cooled. 
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Table  5.  Chemical  Composition  of  Copper  Alloys 


CD  A  No.' 

Material 

Cu 

Zn 

Sn 

Ni 

Al 

Fe 

Si 

Pb 

Other 

102 

Copper,  0  free 

99.96 

_ 

_ 

_ 

_ 

_ 

102 

Copper,  0  free 

99.9 

- 

- 

- 

- 

- 

- 

172 

Be-Cu 

97.80 

0.05 

~ 

■ 

“ 

— 

Be  1.90 
Co  0.25 

825 

Be-Cu,  chain,  cast 

97.5 

~ 

— 

“ 

Be  2.0 
Co  0.5 

220 

Commercial  Bronze 

90 

10 

- 

_ 

- 

- 

- 

230 

Red  Brass 

85 

15 

- 

- 

- 

- 

443 

Arsenical  Admiralty 

71.19 

27.77 

1.00 

- 

0.01 

- 

- 

As-0.027 

443 

Arsenical  Admiralty 

70.0 

29.0 

1.0 

- 

- 

- 

- 

As-0.04 

270 

Yellow  Brass 

65.0 

35.0 

- 

- 

- 

- 

- 

- 

280 

Muntz  Metal 

60.69 

39.29 

— 

- 

<0.02 

- 

- 

- 

280 

Muntz  Metal 

60.0 

40.0 

- 

- 

- 

- 

- 

- 

678 

Mn  Bronze  A 

56.0 

42.0 

- 

- 

1.0 

1.0 

- 

Mn-0.01 

868 

Ni-Mn  Bronze,  cast 

54.58 

34.48 

3.77 

1.73 

1.66 

0.02 

Mn-3.06 

- 

Al  Brass 

78.0 

20.0 

- 

2.0 

- 

- 

- 

- 

Ni  Brass 

50.0 

40.0 

8.0 

- 

- 

- 

- 

905 

G  Bronze,  cast 

88.0 

10.0 

- 

- 

- 

- 

- 

- 

903 

G  Bronze,  modified,  cast 

88.0 

4.0 

- 

- 

- 

- 

- 

- 

922 

M  Bronze,  cast 

88.2 

4.0 

6.0 

- 

- 

- 

2.0 

- 

- 

Leaded  Tin  Bronze,  cast 

85.0 

5.0 

5.0 

- 

- 

- 

- 

5.0 

- 

510 

Phosphor  Bronze  A 

94.64 

<0.10 

4.94 

- 

- 

<0.05 

- 

- 

P-0.26 

510 

Phosphor  Bronze  A 

96.0 

- 

EH 

- 

- 

- 

- 

- 

P-0.25 

524 

Phosphor  Bronze  D 

90.00 

<0.10 

9.23 

- 

- 

<0.05 

- 

- 

P-0.17 

r  ■  na* 

Al  Bronze  5% 

95.0 

- 

- 

- 

5.0 

- 

- 

- 

- 

614 

Al  Bronze  7% 

90.11 

- 

0.15 

- 

6.59 

3.15 

- 

<0.02 

- 

614 

Al  Bronze  7% 

90.0 

- 

- 

7.0 

3.0 

- 

* 

- 

953 

Al  Bronze  10%  cast 

89.0 

- 

- 

10.0 

1.0 

- 

- 

- 

954 

Al  Bronze  11%,  cast 

86.0 

- 

- 

10.0 

ESM 

- 

- 

- 

- 

Al  Bronze  13%,  cast 

83.0 

- 

- 

13.0 

ESI 

- 

- 

- 

- 

Ni-AI  Bronze  #2 

80.0 

- 

5.0 

10.0 

in 

- 

- 

Mn-0.5 

653 

Si  Bronze  3% 

97.0 

- 

- 

- 

- 

3.0 

- 

- 

655 

Si  Bronze  A 

95.49 

- 

- 

- 

<0.02 

3.28 

- 

Mn-1.18 

655 

Si  Bronze  A 

95.0 

- 

- 

- 

- 

3.0 

- 

Mn  1.0 

- 

Ni  Vee  Bronze  A,  cast 

88.0 

5.0 

2.0 

■ 

- 

- 

- 

- 

- 

Ni  Vee  Bronze  B,  cast 

87.0 

5.0 

2.0 

I 

- 

- 

1.0 

- 

- 

- 

Ni-Vee  Bronze  C,  cast 

80.0 

5.0 

5.0 

wm 

- 

- 

5.0 

- 

706 

Cu  Ni90  10 

89.04 

- 

9.42 

- 

1.16 

- 

- 

Mn-0.38 

706 

89.0 

- 

- 

10.0 

- 

1.4 

- 

- 

Mn-0.5 

962 

m 

- 

- 

11.0 

- 

1.4 

- 

- 

Mn-1.3 

710 

78.62 

- 

- 

20.41 

- 

0.62 

- 

- 

Mn-0.35 

710 

Cu  Ni  80  20 

£  iTiM 

- 

- 

20.0 

- 

- 

Mn-0.2 

715 

Cu-Ni,  70  30 

68.61 

- 

- 

30.53 

- 

0.53 

- 

- 

Mn-0.33 

715 

Cu-Ni,  70-30 

69.0 

- 

- 

30.0 

- 

0.6 

- 

- 

Mn-0.4 

716 

Cu  Ni,  70  30 

64.02 

- 

- 

29.95 

- 

5.27 

- 

- 

Mn-0.75 

- 

Cu-Ni,  55  45 

54.0 

- 

45.0 

- 

0.1 

- 

- 

Mn-1.0 

- 

Cu  Ni-Zn  Pb 

62.0 

8.0 

- 

25.0 

- 

- 

- 

5.0 

- 

752 

Nickel-Silver 

65.0 

17.0 

_ 

— 

18.0 

- 

— 

- 

— 

'  Copper  Development  Association  alloy  number. 
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Table  6.  Chemical  Composition  of  Nickel  Alloys 


Material 

Ni 

C 

Mn 

Fe 

S 

Si 

Cu 

a 

Ti 

Mo 

Other 

Electrolytic  Ni 

99.97+Co 

_ 

_ 

_ 

— 

_ 

_ 

_ 

— 

— 

— 

Ni-200 

99.50 

0.05 

0.29 

0.04 

0.006 

0.07 

0.02 

— 

— 

- 

— 

Ni-200 

99.5 

0.06 

- 

— 

— 

— 

— 

— 

- 

— 

Ni-201 

99.5 

0.01 

- 

— 

- 

— 

— 

— 

- 

- 

Ni-21 1 

95.0 

— 

— 

— 

— 

— 

- 

- 

Ni-270 

99.97 

- 

— 

- 

— 

— 

— 

- 

-- 

Ni-21 0,  cast 

95.6 

1.0 

- 

— 

2.0 

— 

- 

- 

- 

- 

Ni-301 

94.0 

— 

- 

— 

- 

— 

- 

— 

- 

AI-4.5 

Ni-Cu  400 

65.17 

0.11 

1.06 

0.90 

0.007 

0.10 

32.62 

- 

- 

- 

- 

Ni-Cu  400 

66.00 

0.12 

0.90 

1.35 

0.005 

0.15 

31.50 

- 

- 

- 

- 

Ni-Cu  400 

66.00 

0.90 

1.40 

- 

0.20 

32.00 

- 

- 

- 

- 

Ni-Cu  402 

58.00 

0.90 

1.20 

- 

0.10 

40.00 

- 

- 

- 

- 

Ni-Cu  406 

84.00 

0.90 

1.40 

— 

0.20 

13.00 

- 

- 

- 

- 

Ni-Cu  410,  cast 

66.00 

0.80 

1.00 

- 

1.60 

31.00 

- 

- 

- 

- 

Ni-a  K-500 

65.00 

0.60 

1.00 

0.005 

0.15 

29.50 

- 

0.50 

- 

A 1-2. 80 

Ni-Cu  K-600 

65.00 

0.60 

1.00 

- 

0.20 

30.00 

- 

— 

- 

AI-2.80 

Ni-Cu  606,  cast 

64.00 

0.80 

2.00 

- 

■ 

29.00 

- 

- 

- 

- 

Ni-Cu  45-55 

45.00 

1.00 

0.10 

- 

Bi 

54.00 

- 

- 

- 

'  - 

Ni-Cr-Fe-600 

76.00 

0.04 

0.20 

7.20 

0.007 

0.10 

15.8 

- 

- 

- 

Ni-Cr-Fe  600 

76.0 

- 

7.0 

- 

H 

- 

16.0 

- 

- 

- 

Ni-Cr-Fe  610,  cast 

71.0 

— 

9.0 

- 

— 

16.0 

- 

- 

- 

Ni-Cr-Fe  X750 

73.0 

- 

7.0 

- 

- 

- 

15.0 

2.5 

- 

- 

Ni-Cr-Fe  718 

52.5 

0.04 

0.20 

18.0 

0.007 

0.20 

0.10 

19.0 

0.80 

3.0 

Cb-5.2 

A  1-0.60 

Ni-Cr-Fe  88 

71.0 

7.0 

— 

— 

— 

10.0 

— 

— 

Sn-6.0 

Bi-3.0 

Ni-Cr-Mo  3 

58.0 

- 

- 

3.0 

- 

— 

- 

19.0 

— 

19.0 

— 

Ni-Cr-Mo  625 

63.0 

- 

- 

- 

- 

- 

- 

22.0 

- 

9.0 

- 

Ni-Co-Cr-Mo  700 

46.0 

— 

— 

1.0 

— 

— 

— 

15.0 

— 

3.75 

Co-28.5 

AI-3.0 

Ni-Fe-Cr  800 

32.0 

0.04 

0.74 

46.0 

0.007 

0.35 

0.30 

20.5 

— 

- 

- 

Ni-Fe-Cr  800 

32.0 

- 

1.0 

46.0 

- 

- 

- 

20.0 

- 

- 

- 

Ni-Fe-Cr  804 

43.0 

- 

- 

25.0 

- 

- 

- 

29.0 

- 

- 

- 

Ni-Fe-Cr  825 

41.12 

0.05 

0.82 

30.86 

0.01 

0.31 

1.61 

21.12 

1.00 

2.94 

AIO.14 

Ni-Fe-Cr  825 

42.0 

- 

- 

30.0 

- 

- 

2.0 

22.0 

- 

3.0 

- 

Ni-Fe-Cr  825Cb 

42.0 

- 

- 

30.0 

- 

- 

2.0 

22.0 

- 

3.0 

- 

Ni-Fe-Cr  901 

43.0 

a 

- 

34.0 

- 

- 

- 

14.0 

- 

- 

Ni-Fe-Cr  902 

42.0 

0.40 

48.5 

0.008 

0.50 

0.05 

5.4 

2.40 

AIO.65 

Ni-Cr-Fe-Mo  "F" 

46.0 

- 

- 

21.0 

- 

- 

- 

22.0 

B  I 

- 

Ni-Cr-Fe-Mo  "G" 

45.0 

- 

- 

20.0 

- 

- 

2.0 

21.0 

B£9 

- 

Ni-Cr-Fe-Mo  "X" 

60.0 

- 

- 

19.0 

— 

- 

- 

22.0 

9.0 

- 

Ni-Mo-Fe  "B" 

60.0 

- 

- 

5.0 

- 

- 

- 

- 

26.0 

- 

Ni-Mo-Cr  "C" 

55.68 

0.05 

0.52 

6.32 

1221 

0.62 

15.33 

I 

16.71 

W-3.53 

Co-0.96 

V0.26 

PO.010 

Ni-Mo-Cr  "C" 

60.0 

- 

- 

- 

- 

15.0 

16.0 

W-4.0 

Ni-Sn-Zn  23 

79.0 

2.0 

■ 

■ 

Sn-8.0 

Zn-7.0 

Pb-4.0 

continued 
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Table  6.  Continued 


Material 

■a 

D 

Mn 

Fa 

S 

Si 

Cu 

Cr 

Ti 

Mo 

Other 

Ni-Cr  65-35 

66.0 

_ 

_ 

_ 

36.0 

— 

_ 

— 

Ni-Cr  76 

78.0 

— 

- 

- 

- 

- 

— 

20.0 

- 

- 

— 

Ni-Cr  80-20 

80.0 

— 

— 

- 

- 

20.0 

- 

- 

- 

Ni-Mo  2 

86.0 

- 

2.0 

- 

- 

- 

30.0 

- 

Ni-Si  D 

86.0 

- 

10.0 

3.0 

— 

- 

- 

Ni-Ba 

07.6 

- 

— 

— 

I'-'*;. 

|g  3, 

“ 

Be  1.86 
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Table  7.  Chemical  Competition  of  Aluminum  Alloys 


Material 

Si 

Fe 

Cu 

Mn 

Mg 

Cr 

Ni 

Zn 

Ti 

Al 

1100 

_ 

_ 

_ 

__ 

99.0 

- 

- 

4.3 

0.6 

1.5 

- 

- 

- 

- 

remainder 

2024 

- 

— 

4.3 

0.6 

1.5 

- 

- 

- 

- 

remainder 

2219-T811 

0.20 

0.30 

6.3 

0.30 

0.02 

- 

- 

0.10 

0.06 

remainder 

3003 

0.16 

0.46 

0.16 

1.26 

- 

- 

- 

0.05 

- 

remainder 

3003-H14 

0.20 

0.58 

0.13 

1.05 

<0.01 

<0.01 

<0.01 

<0.01 

- 

remainder 

6052 

- 

- 

- 

— 

2.5 

0.26 

- 

- 

- 

remainder 

6063 

- 

- 

0.16 

0.6 

4.5 

- 

- 

- 

- 

remainder 

5063-H113 

0.40 

0.40 

0.10 

0.65 

4.6 

0.15 

- 

0.25 

0.15 

remainder 

6086 

- 

- 

- 

0.3 

4.0 

0.16 

- 

- 

- 

remainder 

6086-H32 

0.15 

0.26 

0.06 

0.32 

3.75 

0.12 

- 

0.12 

0.01 

remainder 

S086-H34 

0.40 

0.60 

0.10 

0.46 

4.0 

0.16 

- 

0.25 

0.15 

remainder 

6454 

- 

- 

- 

0.03 

1.0 

0.02 

- 

- 

- 

remainder 

5456-H321 

0.40 

(Si&Fe) 

0.10 

0.76 

5.0 

0.13 

- 

0.25 

0.20 

remainder 

6061 

- 

- 

0.26 

1.0 

0.28 

- 

- 

- 

remainder 

6061 -T6 

0.60 

0.70 

0.27 

0.15 

1.0 

0.25 

- 

0.26 

0.16 

remainder 

1  Other  elements  present  are:  0.10%V,  0.17%  Zr. 


Table  8.  Chemical  Composition  of  Miscellaneous  Alloys, 
Percent  by  Weight 


Material 

Chemical  Composition 

Chemical  Lead 

99.9  Pb 

Antimonial  Lead 

94.0  Pb,  6.0  Sb 

Tellurium  Lead 

99  +  Pb,  0.04  Te 

Tin 

99.9  Sn 

Zinc 

99.9  Zn,  0.09  Pb,  0.01  Fe 

Solder 

67  Pb,  33  Sn 

Molybdenum 

99.9  Mo 

Tungsten 

99.95  W 

Columbium 

99.8  Cb 

Tantalum 

99.9  Ta,  0.010  C,  0.010  0,  0.005  N,  0.002  H 

Ta-60 

88.8-91.3  Ta,  8.5-11  W 

■  All  KKIOM  PIS  TfAl  COilOIION  ■  ATI  -  MtCIONS  PI  I  TEAS 


Figure  1.  Locations  of  expos ura  sites. 


o  I  i  J  ■  s  * 
OXTOIN.  ml/I 


Figure  3.  Effect  of  ox\  .in  concentration  of  we 
water  on  corrosion  of  steels  ef  ter  1  year 
of  exposure. 


Figure  2.  Oceanographic  parameters  at  exposure  sites. 


Figure  4.  Effect  of  oxygen  concentration  of  see 
water  on  corrosion  of  cast  irons  after 
1  year  of  exposure. 


Figure  5.  Effect  of  oxygen  concentration  of  tea 
water  on  the  corrosion  of  200  and  400 
Series  stainless  steels  after  1  year  of 
exposure. 
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STALES*  STKLS  VS  OXYOEN 
O  Ml 

A  103.  104.  1041.  114, 147 
Q  104,  Sea»M«#4 


STAINLESS  STEELS  VS  OXYOEN 

O  410.  HOIS;  411.  THIOSO;  41S 
A  411,  IH1I00 


OXYOCN-inl/t 

Figured.  Effect  of  oxygon  concentration  of  too 
wo  tor  on  the  corrosion  of  300  Series 
stainless  stools  after  1  year  of  exposure. 


OXTOIN-ml/l 

Figure  7.  Effect  of  oxygen  concentration  of  sea 
water  on  the  corrosion  of  000  Series 
stainless  steels  after  1  year  of  exposure. 


COFFER  ALLOYS  VS  OXYOEN  1  YEAR 


O  Capper 
A  Ceppat  ASeyt 


CKEL  ALLOYS  VS  OXYOEN  1  YE 
O  Mi-100 
A  Mi-Ca400 

□  Ni-O-Sa400.X7S0  y/ 

•  Mi- Mel  / 


OXYOIN-ral/1 

OXYOSM-eil/l 

Figure  8.  Effect  of  oxygen  concentration  of  sea 
water  on  the  corrosion  of  copper  alloys 
after  1  year  of  exposure. 

Figure  9.  Effect  of  oxygen  concentration  of  tea 
water  on  the  corrosion  of  nickel  alloys 
after  1  year  of  exposure. 

NICKEL  ALLOYS  VS  OXYOEN  I  TEA* 


O  Wxtflyik  ftkfctl 
A  Hi  SOI,  111,  170 
□  MI-C.40T  400,  410,  KS00,  41-11 
•  Ni-Cr-feOIO.  M 
A  Ni-CrOl-11,  M,  10-10  , 


NICKEL  ALLOYS  VS  OXYOEN  1  YEAR 
* _ _  o  Nino 

A  Ml  Ml 

/  □  Ni-CvlOS 

\  •  Nt-fe-bll 

\  A  M-lb-li  • 

\  ■  Ni-110 


OXYOIN-ml/l 

1 

o  l  i  1  1  1  1 

Figure  10. 

Effect  of  oxygen  concentration  of  lea 
water  on  the  corrotion  of  nickel  alloyi 

0  1114  1  * 

OXYMN-ml/l 

after  1  year  of  exposure. 

Figure  11.  Effect  of  oxygen  concentration  of  sea 

HI 

water  on  the  corrosion  of  nickel  alloys 
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1 

i 

i  t  r  i  i  i 

q  ALUMINUM  ALLOYS  VS  OXYGEN  1  YEA! 

after  1  year  of  exposure. 

j  MO 

i 

.  \ 

.  O  m*-Tei 

A  1000-H14, 14S4-H111 
□  *041-14 

ALUMINUM  ALLOYS  VS  OXYOEN 
1  YEAR  o  llOO-M 


O  II00-HI4,  1001-HI4 
A  1014-0 
□  Mil,  1011-Hill 
•  1414-Mil 


OXYOIN-ml/l 

Figure  12.  Effect  of  oxygon  concentration  of  mo 
water  on  the  corrotion  of  aluminum 
alloys  after  1  yeer  of  axpoeura. 


Figure  13.  Effect  of  oxygon  concentration  of  mi 
water  on  the  corrotion  of  aluminum 
alloyt  after  1  year  of  exposure. 
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ETUDE  DE  LA  PROTECTION  DES  STRUCTURES  SOUS-HARINES 


Cl.  Bugeia,  Ch.  Louis 

Compagnie  Fran?aiae  des  Petroles 
Gaz  de  Prance 


Cette  communication  expose  les  r^sultata  de  recherche  effectudea 
entre  1966  et  1971  aur  la  Protection  exteme  contre  la  corrosion  aous- 
marine  par  la  COMPACNIE  FRANCAFE  DES  PETROLES  et  le  GAZ  DE  PRANCE, 
sous  contrat  ELP-ERAP  puia  CNEXO.  Ces  reeherchea  portent  aur  30  aystk- 
mea  de  revStements  diffkrents  dont  un  grand  nombre  eat  k  base  de  r^ai- 
nes  kpoxydiquea,  seulee  ou  associtfes  k  une  autre  r^aine  •  L'exp^rimen- 
tation  a  ete  orientde  plus  particulikrement  aur  lea  points  suivants  : 

-  Comportement  des  revktements  via-k-vis  de  lajrotection  eathodi- 
que  par  courant  impose  (-900  mV  k  -3  000  mV),  la  durde  d'esaais  etant 
fixke,  en  principe,  k  deux  ana  ; 

-  Tenue  aux  chocs  thermiques,  20°C  -  100°C,  avec  aurimpoaition 
ou  non  d'une  protection  cathodique  par  anode  soluble  (-1  300  mV), 
chaque  cycle  etant  r^p^td  1  200  foia  environ  ; 

-  Examena  de  l'tftat  dea  revktements,  appliques  aur  dea  <prouvet- 
tea  de  grande  dimension,  apres  dea  durees  prolongdea  d'immeraiona  dans 
diff^rentea  mera  et  k  diveraea  profondeura,  H^diterrande  (Antibes), 

Her  du  Nord  (Angleterre) ,  Arctique  (Labrador),  Atlantique  (Cabon)  et 
Colfe  Persique.  On  y  indique  ^galement  leB  principales  variltda  de  aa- 
liasures  rencontrdea  et  leur  influence  aur  la  tenue  des  revStementa. 

Lea  r^aultata  obtenua  au  coura  de  cette  experimentation,  qui  ae 
pourauit  toujours  en  1972,  permettent,  dfea  maintenant,  de  faire  une 
selection  dea  meilleurs  reveteraents  pour  chacun  dea  eaaais  effectues 
et  done  de  pouvoir  choiair  le  Bystkme  de  protection  le  plus  approprie 
en  fonction  dea  caracteristiques  de  l'ouvrage  k  protdger  :  canalisa- 
tiona  ou  plkces  de  forme  tourmentee,  tellea  que  tfitea  de  puits,  duree, 
lieu  et  profondeur  d'imaeraion,  contraintea  subiea  (potential,  tempe¬ 
rature)  . 


1.  Introduction  et  ob.iet  de  l'etude 

La  CONPAGNIE  FRANCA  I SE  DES  PE  TROWS  (c.F.P.)  a  ete  chargee  en 
1965  par  l'ENTREPRISE  DE  RBCHERCHE3  ET  D'ACTIVITES  PETROLIERES 
(Societe  ELF-ERAP),  puia  par  le  CENTRE  NATIONAL  D' EXPLOITATION  DES 
OCEANS  (c.N.E.X.O.)  k  partir  du  ler  Janvier  1970,  d'ktudier  la  pro¬ 
tection  externe  contre  la  corrosion  des  structures  metalliques  pe~ 
trolikrea  immergeea  k  grande  profondeur,  canalisations,  tktes  de 
puita, . . . 

Cea  travaux  ont  ete  entrepria  avec  la  collaboration  et  la  par¬ 
ticipation  du  GAZ  DE  FRANCE  (c.D.F.)  qui  avait,  dans  ce  domaine, 
une  grando  experience  notamment  k  la  suite  dea  reeherchea  effectueea 
par  ses  Services  aur  lea  revAtementa  Dour  les  canalisations  aoua-ma- 
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rines  raediterraneennes  de  transport  do  gaz. 

Lea  Etudes  realisees  entrc  l%f'  et  1071  ont  porto  sur  Iff  points 
suivants  : 

-  Choix  et  application  des  revStements, 

-  Conportement  des  revfitenents  vis-a-vis  de  la  protection  cathoii- 
que  par  courant  impost, 

-  Tenue  aux  chocs  thermiques  avec  surinposition  ou  non  d'une  rro- 
tection  cathodique  par  anode  soluble, 

-  Comportement  des  revfitements  apres  des  durees  prolongees  d'ir- 
mersion  dans  diff^rentes  mers  et  A  diverses  profondeurs. 

La  presente  communication  fait  le  point  des  resultat.s  obtenus 
dans  ces  domaines  apres  plus  de  4  ans  d'experimentation. 


A  la  suite  des  contacts  que  la  COMPAGNIK  FRANCA ICE  PEG  PETROLE.' 
et  le  GAZ  DE  FRANCE  ont  pris  avec  un  grand  nombre  de  fournisseurs  en- 
tre  1966  et  1971,  vingt  societes  ont  propose  30  systAmes  de  protection 
qui  peuvent  Stre  classes  en  trois  categories  : 

-  Rev£tements  a  base  de  resines  epoxydiques,  seule3  ou  associees 
A  d’autres  produits  tels  que  brai,  polyurethanne,  nylon  ;  dans  cottc 
cat4gorie,  qui  represents  los  2/3  des  rev@tenents  retenus,  figurent 
en  particulier  plusieurs  systemes  de  reparation  sous  l’eau  ; 

-  Revfitements  a  base  d'autres  matieres  plastiqurs  :  polyamide  li, 
polychlorure  de  vinyle,  polyester,  polyethylene  modifie  ou  non  ct  po¬ 
lyurethanne  ; 

-  Revetements  a  base  de  produits  hydrocarbones  charges. 

L'application  sur  les  differents  types  d'eprouvettes  a  eto  rea¬ 
lises  par  les  fabricants  eux-mSries  ou  par  des  societes  specialisees 
sous  la  surveillance  et  avec  la  participation  de  techniciens  du  GAZ 
DE  FRANCE  ;  elle  a  ete  faite  sur  metal  sable,  en  general  au  raoyen  de 
silex,  l'etat  de  surface  obtenu  correspondent  au  moins  au  deuxieme  de- 
gre  de  sablage  (sablage  "soigne")  tel  qu'il  est  d^fini  dans  les  Speci¬ 
fications  Techniques  de  Sablage  de  l'Office  National  d* Homologation 
des  Garantios  de  Peinture  Industrielle. 


Les  renseignement3  relatifs  A  ces  3ystemes  sont  donnes  dan3  le 
tableau  1  oil  l'on  voit  que  plusieurs  techniques  de  nise  en  oeuvre  ont 
et£  utilisees,  a  chaud,  a  froid,  sous  l'eau,  pistolet,  brosse,  pisto- 
let  A  flamme,  bain  fluidise  ;  un  primaire  d'accrochage,  en  particulier 
a  base  de  zinc,  a  ete  employe  dans  un  assez  grand  nombre  de  revfitements. 
Le  nombre  total  de  couches  appliqu^es  varie  de  1,  cas  surtout  des  sys¬ 
temes  obtenus  A  chaud,  A  6  mais  un  grand  nombre  de  protection  en  compor- 
te  3.  Les  6paisseurs  obtenues  sont  egalement  tres  variables  et  vont  de- 
puis  30  microns  jusqu'A  plusieurs  millimetres. 


tement  des  revStements  vis-A-vis  de 


protection  cathodioue 


Le  but  des  essais  entrepris  dans  les  laboratoires  du  GAZ  DE  FRANCE 
est  d'etudier  1' influence,  sur  la  tenue  dans  le  temps  d£s  revetements, 
de  la  protection  cathodique  par  courant  impose  qui  est  susceptible 
d'Stre  appliqu^e  sur  les  structures  sous-marines  pour  completer  l'ac- 
tion  des  protections  "passives". 

.  .  .  /.  a  . 
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3.1.  Principe  des  essais  et  mode  onEratoire 

Ces  essais  consistent  k  porter  &  dea  potentiels  negatifs  diffe- 
rents,  dea  Eprouvettes  metalliques  de  petite  dimension,  revEtues  dea 
systemes  de  protection  retenua,  immergEs  dan8  dea  baca  remplis  d'eau 
de  mer  artificielle,  maintenus  k  la  temperature  de  20°C  ,+  2°C,  et  a 
mesurer  le  courant  de  fuite  traversant  chaque  Eprouvette.  Dea  examen3 
viauels  de  l'Etat  dea  revEtements  aont  effeetuea  parallelement  afin 
de  determiner  le  debut  de  l'apparition  dea  cloquages  ou  deteriorations. 

L'expErimentation  porte  sur  4  series  de  pot.entiel,  -900  mV, 

-1  200  mV,  -1  500  mV  et  -3  000  mV,  potentiels  mesurEs  par  rapport  a 
l*eiectrode  de  reference  argent/chlorure  d'argent.  Ces  potentiels, 
obtenus  par  un  potentiostat  a  asservissement  electronique  &  4  voies 
aont,  en  effet,  ceux  que  l'on  rencontre  le  plus  couramment  dans  la  pro¬ 
tection  des  metaux  en  eau  de  mer  :  -900  mV  correspond  ainsi  au  voisina- 
ge  du  seuil  de  protection  cathodique,  -3  000  mV,  aux  parties  d'ouvrages 
voisines  du  point  d' injection  du  courant  et  -1  500  mV  enfin,  aux  par¬ 
ties  situees  k  mi-distance  environ  entre  la  source  de  courant  et  l'ex- 
trEmitE  de  l'ouvrage  k  proteger.  De  plus,  la  tension  de  -1  200  mV  a  EtE 
retenue,  car  elle  correspond,  d'apres  lea  travaux  antErieurs  faits  par 
le  GAZ  DE  FRANCE  pour  la  protection  des  ouvrages  metalliques  immergea 
du  barrage  de  la  Ranee,  au  seuil  d'accroisseraent  du  phEnomene  de  clo- 
quage  des  revEtements  type  peinture. 

Chacun  des  bacs  d'essai  ,  realise  en  matifere  plastique,  correspond 
A  un  potentiel  d?fini”  il”comporte  des  compartiments  cathodiques  et 
anodiques  sEpares  par  des  cloisons  en  porcelaine  poreuse  et  eat  relie 
k  l'une  des  4  voies  du  potentiostat.  Les  eprouvettes,  constituees  par 
des  cylindres  en  acier  de  40  mm  de  diamEtre  et  300  mm  de  long,  termi- 
nes  par  une  calotte  hemispherique,  sont  disposees  dans  les  compartiments 
cathodiques  et  relies  eiectriquement  ensemble,  leur  disposition  etant 
rEalisee  de  maniere  k  eviter  les  influences  rEciproques  des  champs  Elec- 
triques  (distance  de  120  mm  environ  entre  Eprouvettes).  Dans  chaque  com- 
partiment  anodique,  est  placEe  une  anode  en  graphite. 

Les  mesures  electriques  effectuees  sont  : 

-~DTune-pa r 1 7_Ia”ve rlflca t ion  du  potentiel  imposE  au  moyen  d'un 
voltmetre  Electronique  placE  entre  la  sortie  du  potentiel  contrfilE  par 
le  potentiostat  et  une  Electrode  de  rEfErence  argent/chlorure  d'argent 
disposce  dans  l'un  des  compartiments  cathodiques  du  bac  ; 

-  D'autre  part,  la  raesure,  faite  periodiquement,  du  courant  circu- 
lant  entre  l’Eprouv'tte  e,  x'anode  en  graphite  par  insertion  dans  le 
circuit  individuel  de  chaque  Eprouvette  d'un  galvanomfetre. 

i!§2H-i£_E§.r..SriiIi£i£ll£»  composEe  selon  la  formule  de  Lyman  et 
Fie  min  g  ,  est  renouvelEe  trfcs  f rEquemment ,  en  particulier 

dans  les  bacs  a  fort  potentiel  -1  500  mV  et  surtout  -3  000  mV,  pour  Evi¬ 
ter  la  concentration  dans  les  compartiments  cathodiques,  de  chlore  ou 
d' hypochlorite  du  a  l'electrolyse  de  l'eau  de  mer  provoquEe  par  le  pas¬ 
sage  du  courant . 

La-dUX££-d£S-££2aiS  est  fixEe  en  principe  k  2  ans,  mais  compte  tenu 
des  places  disponibles  dans  les  bacs  d'essais,  1'expErimentation  est 
poursuivie  au-dela  pour  les  meilleurs  systemes  jusqu'k  un  temps  total 

de  4  ann^es  er-irrn . 

3.2.  Crit&res  de  selection 

Les  considerations  sur  lesquelles  la  sElection  des  revetements 
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a  dte  baade  aont  essentiellement  lea  suivanteu  : 

-  Le  comport ement  d'un  revdtement  aous  protection  cathodique  eat 
d'autant  meilleur  que  la  valeur  de  l'intensitd  du  courant  circulant 
dana  l'dprouvette  est  plua  faible.  Ce  comportement  peut  done  ?tre  con- 
siddrd  comme  aatiafaiaant,  compte  tenu  de  la  aurface  immergde  dea  dprou- 
vettea,  aoit  340  cm2  environ,  loraque  l'inten3itd  meaurde  eat  dc  l'or- 
dre  du  microampere  ;  par  contre,  loraque  la  valeur  trouvde  eat  de  l'or- 
dre  du  milliampdre,  la  consommation  de  courant  serait,  dana  la  pratique, 
trop  importante  et  le  revdtement  eat,  dan3  cea  conditiora,  jugd  inac- 
ceptable  ; 

-  L'etat  du  revdtement  doit  6tre  dgalement  considdrd  car  le  passa¬ 
ge  du  courant  peut  entralner,  mdme  pour  dea  valeurs  d'intensite  tree 
faiblea,  l'apparition  de  cloquea  ou  de  ddtdriorations  ot  dan3  certaina 
caa,  la  formation  de  ddpfits  ealco-magnesiens  plus  ou  moins  volumineux. 

3.3.  Rd.snltata  obtenua  et  concluslona  qui  a'en  degagent 

Lea  rdsultats  obtenua  aur  lea  divers  revdtement3  dtudids  aont  ra3- 
semhlda  dana  le  tableau  5  ;  ila  permettent  de  faire  lea  commentairea 
3uivants  i 


3.3.'.  13  systemes  aur  lea  30  retenua  initialement  donnent  satis¬ 
faction  aprea  2  ana  d'expdrlmentation  j  ila  ae  claaaent  ainai  en  fonc- 
tion  de  leur  tenue  aous  lea  diffdrents  potentiels  imposds  : 

-  Tous  potentiel3  Jusqu'h  -3  000  mV  :  resines  epoxydique3  ref.  4 
et  19,  polyamide  11  rdf.  12,  resine  dpoxy-brai  rdf.  21,  polyethylene 
rdf.  23  et  hydrocarbond  chargd  rdf.  24. 

-  Toua  potentiels  jusqu'h  -1  500  mV  :  hypalon  rdf.  9,  rdsine  dpo- 
xy-brai  rdf.  25. 

-  Tous  potentiels  jusqu'h  -1  200  mV  :  resines  dpoxy-brai  rdf.  5 
et  7,  rdsine  epoxy-brai-polyurdthanne  rdf.  20  et  rdaine  dpoxydique 
rdf.  22. 

-  Potentiel  de  -900  mV  :  polyester  chargd  rdf.  8. 

I’armi  cea  revdtements,  il  faut  remarquer  que  4  aeulemcnt  dea  sy3- 
temea  A  base  de  rdaine  dpoxydique  aur  lea  B  retenua  ont  donne  satisfac¬ 
tion  maia,  par  contre,  4  dea  5  rdainea  epoxy-brai  ae  aont  bien  compor- 
tdes  ainai  que  l'ensemble  dea  protections  appliqueea  A  chaud  (rdf.  4- 
12-23). 

Un  grand  nombre  de  cea  aystfemes  prdaente  toutefois  de  legers  nignes 
de  cloquagea  ou  de' tdriorations  (cotes  Ba  dana  le  tableau1)'  ;  tel  eat 
le  caa  dea  revdtementn  ref.  4-7-0-9-12-19  et  20. 

3.3.2.  L03  avatemes  acturlloment  en  easais.  rdf.  26-27-28  et  30, 
donnent  dea  rdaultata  tres  encourageants  aprea  un  an  d ’expdrimentation 
80ua  potentiel  impose. 

3.3.3.  II  a  ete  observe,  au  cours  de  cea  essais,  que  la  deteriora¬ 
tion  du  revdtement  ae  traduisait  : 

-  Au  potentiel  de  -900  mV  presque  uniquement  aoua  forme  de  rouil- 
le  ;  cette  formation  s’explique  pni  le  fait  que  la  tension  -900  mV  ap- 
pliqude  h  l'dprouvette  est  un  potentiel  moyen  et  qu'en  rdalitd,  elle 
varie  autour  de  cette  valeur  ;  aa  valeur  absolue  peut  deacendre  suivar.t 
l'dtat  du  revdtement  dana  certaines  zones  en-  dC3roua  du  aeuil  de  pro¬ 
tection  cathodique,  d'ou  prdsencc  de  rouille. 

-  Au  potentiel  de  -1  200  mV  A  In  fois  aoua  forme  de  rouil^e  et  de 


581 


depfits  calco-rragnea:  ens . 

-  Aux  potentiel.'j  <  e  -1  r>00  mV  et  -3  000  mV  uni  querent,  per  d«-r-  ?o”- 
mations  calco-magnesiennes. 

Tous  les  revdtements  satisfaisants  k  24  moia  ont  6t4  toutefois  lais- 
3<?s  en  essais,  &  titre  coraparatif,  jusqu’A  un  tenpa  maximal  d ' experimen¬ 
tation  de  4  annees  ;  leur  etat  actuel  eat  indiqut  dans  le  tableau  6  ou 
l'on  voit  en  particulier  que  le8  revttements  tpoxydiques  rtf.  4  et  19 
donnent  tou jours  de  bona  resultats  k  tous  lea  potentiela  aprfea  plus  de 
3  ans  d' essais. 

4.  Comportement  des  revttements  aux  chocs  thermiaues 

Le  but  des  essais,  confie3  au  CENTRE  DE  RECHERCHES  ET  D'ETUDES  OCE/ - 
NOGRAPHIQUES  (C.R.E.O.)  de  la  Rochelle,  est  d'ttudier  le  comportement 
des  revStements  sous  1' influence  des  chocs  thermiques  qui  peuvent  ttre 
supportes  par  les  structures  sous-marines,  en  particulier  par  lea  tdtes 
de  puits  lors  du  soutirage  du  pttrole  brut,  la  temperature  pouvant  s't- 
lever  de  la  temperature  de  l'eau  de  mer,  3  &  4°C  en  hiver  en  Her  du 
Nord  par  exemple,  a  plus  de  100°C. 

4.  t  .  Princip'  ties  essais  et  mode  ooeratoire 

Ces  essais  consistent  a  immorger  des  tprouvettes  metalliques,  re- 
vttues  des  systemes  a  etudier,  dans  un  bassin  d'eau  de  mer  naturelle 
de  10  r.3  renouvelee  periodiquement  puis  k  leur  fa  ire  subir  un  grand 
nombre  de  chocs  thermiques  de  +  20°C  a  +  100°C  environ.  Le3  eprouvet- 
tes,  montees  par  groupe  de  9  3ur  un  rad«au  forme  d'un  cadre  en  cornie- 
re  supporte  par  des  blocs  de  polystyrene  expanse,  sont  constitutes  es- 
sentiellement  d'un  tube  d'acier  de  60  mm  de  diametre  exttrieur  et  de 
400  mm  do  longueur  environ,  tuna  lequel  est  plact  un  tube  d'acier  con¬ 
cern  trique  contenant  un  cylindre  de  porcelaine  avec  resistances  chauf- 
fantes  permettant  d'obtenir  la  temperature  souhaitte  par  le  chauffage 
d'eau  distillee  contenue  entre  les  2  tubes  d'acier  ;  pour  eviter  une 
evaporation  trop  rapide  de  l'eau,  un  dispositif  de  ref roidissement  de 
la  vapeur  degagee  est  mis  en  place  au-dessus  de  chaque  tprouvette.  La 
valeur  de3  resistances  placees  k  l’inttrieur  du  cylindre  en  porcelaine 
est  choisie  en  fonction  de  l'tpaisseur  et  de  la  conductivity  thermique 
du  revttement  ;  la  puissance  installte  est  comprise  entre  1  200  V.'  et 
2  400  W. 

Le  cycle  auquel  est  soumis  chaque  eprouvette  est  lc-  suivant  : 

-  Montee  en  temperature  5  a  10  mn, 

-  Maintien  en  temperature  30  h  35  mn, 

-  Retour  a  temperature  ambiante  et  maintien  &  cette  temperature 
80  mn. 

Ce  cycle  est  realise  fc  l'aide  d'un  programmeur  qui  comporte  en 
plus  un  systeme  de  comptage  de  cycles.  La  duree  des  essais  est  fixee 
a  1  200  cycles  environ. 

Les  memes  essais  sont  effectues  egalement  avec  aurimpoaition  d'une 
protection  cathodiaue  par  anode  soluble.  L'anode  en  alliage  de  magne¬ 
sium  GA  6  7.  3  utiliste  se  presente  sous  la  forme  d’un  cylindre  de  33  mm 
de  diametre  et  de  70  mm  de  longueur  et  est  disposee  a  la  verticale  de 
1' eprouvette  a  une  distance  variant  de  0,50  m  k  1  m  ;  son  potentiel, 
mesurt  par  rapport  a  une  tlectrode  de  reference  argent/chlorure  d'ar- 
gent,  est  tres  voisin  de  -1,5  volts  tandis  que  celui  dea  tprouvettea 
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varie  de  -0,6  &  -1,2  volts.  L'intensitd  du  courant  circulant  entre  l'a- 
node  et  l'dprouvette  est  mesuree  p6riodiquement  suivant  le  mfine  princi- 
pe  qua  pour  l'exp6rimentation  en  laboratoire  sous  protection  cathodique. 

4.2.  Crltferea  de  selection 

Lea  considerations  sur  lesquelles  le  comportement  des  revfitements 
a  ete  jug6  sont  essentiellement  bashes  sur  : 

-  Les  observationo  visuelle-  effectudes  en  cours  et  &  1' issue  des 
essais  de  choc  thermique  par  les  spdcialistes  de  la  C.F.P.  et  du  G.D.F.! 
presence  de  ddpfits  caleo-magn4siens,  deterioration  du  rev£tement  (6- 
clatement,  cloquage,  rouille,  manque  d ' adherence ,... ) 

-  Les  valeurs  des  intenaites  de  courant  mesurees  dans  le  cas  ou 
les  essais  ont  ete  realises  avec  surimposition  d'une  protection  catho¬ 
dique.  Si  l'on  se  ref fere  A  la  surface  immergde  des  eprouvettes, 

1  040  cm2  environ,  le  comportement  d'un  systfeme  peut  8tre  consid6r6 
comme  satisfaisant  si  l'intensitd  est  de  l'ordre  du  milliampere  et  com- 
me  non  satisfaisant  si  les  valeurs  trouvdes  sont  de  l'ordre  d'une  cin- 
quantaire  de  milliampAres . 

4.3.  Rdsultats  obtenus  et  conclusions  qui  s'en  ddgarent 

Les  resultats  obtenus  sont  rassembles  dans  le  tableau  2 ■  Son  exa- 
men  permet  de  constater  qu'un  certain  nombre  de  rev£tements  r6sistent 
de  faqon  satlfCaisante  aux  cycles  de  choc  thermique  effectues,  avec 
ou  sans  surimposition  de  la  protection  cathodique  par  anode  de  magne¬ 
sium  (potentiel  voisin  de  -1  500  mV)  ;  on  peut  citer  le  polyamide  11 
ref.  12,  le  polyester  charg4  ref.  48,  le  polyethylene  ref.  23,  les  re¬ 
sines  dpoxydiques  seules  rdf.  4,  19,  22,  26  ou  assocides  &  d'autres 
mat6riaux  r4f.  20,  21,  25,  27  et  enfin  le  systeme  do  reparation  sous 
l'eau  ref.  1 5/l 5  bis. 

II  convient  de  signaler  4galement  que  les  rev6tements  se  compor- 
tent  en  general  moins  bien  sous  protection  cathodique  qu'hors  protec¬ 
tion  cathodique,  notamment  ceux  dont  la  tenue  s'est  r6v6l6e  mauvaise  pr6- 
c6demment  au  laboratoire  au  potentiel  de  -1  500  mV,  cas  en  particulier 
des  syst&mes  r6f.  1,  5,  7,  8,  1 5/ 1 5  bis  et  16. 

5.  Comportement  des  rev6tements  en  immersion  marine 

Le  but  des  essais  est  d'4tudier  le  comportement  des  protections  dans 
des  conditions  aussi  proches  que  possible  de  la  r6alitd  en  immergeant 
des  6prouvettes  dans  diff4rentes  mers  et  h  diverses  profondeurs. 

5.1 .  Choix  des  sites  retenus 

Notre  choix  s'est  d'abord  portd  sur  la  station  de  corrosion  situ6e 
au  large  d'Antibes  ou  le  GAZ  DE  FRANCE  procfede  depuis  de  nombreuses  an- 
n4es  A  des  essais  de  tenue  des  revitements  appliques  sur  tubes,  puis 
sur  3  sites,  cfites  anglaises  (Her  du  Nrd),  Gabon  (Atlantique)  et  Das 
Island  (Golfe  Persique)  oil  la  COHPAGRIE  FRANCAISE  EES  PETROLES  possAde 
des  permis  de  recherchea  d'hydrocarbures.  U  a  principales  caractAristi- 
ques  de  ces  stations  sont  consignees  dans  le  tableau  4  ;  des  mesures 
ocAanographiques  de  cheque  milieu  ont  6 16  effectuAes  :  temperature,  do¬ 
sage  de  1'oxygAne  dissous,  Ph,  force  du  courant,  s6dimentologie  et  sali- 
nitd.  Par  ailleurs,  afin  d'apprecier  l'agressivitA  du  milieu' et  de  con- 
naltre  le  taux  moyen  de  corrosion,  des  4prouvettes  d'acier  nu  ont  At 6 
imraergAes  rAcemment  dans  chaque  station  et  doivent  Stre  normalement  prA- 
levAes  aprfes  un  an,  trois  ans  et  cinq  ans  d 'exposition. 

.../... 
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5.2.  Description  des  tprouvettes  d'essai 

Lee  tprouvettes  de  corrosion  sous-marine  prtsentent  une  architec¬ 
ture  qui  simule  lea  diverses  formes  que  l'on  peut  rencontrer  dans  une 
infrastrucutre  pttrolitre  immergte.  Biles  sont  constitutes,  en  fait,  de 
deux  tubes  d'acier  de  diamttre  different  raccordts  par  une  bride  et  com- 
portant  des  comitres  et  anneaux  soudts  et,  pour  certaines,  un  raccord 
Grayloc  dans  la  partie  mtdiane  du  petit  tube  ;  en  outre,  A  sa  partie 
suptrieure,  un  anneau  en  bronze  a  ttt  soudt  afin  de  crter  un  couple  de 
corrosion  avec  l'acier.  La  hauteur  totale  de  l'tprouvette  est  de  1,80  m 
et  son  poids  de  45  kg. 

5.3.  Processus  de  mouillage  et  de  rtcuotration  des  tprouvettes 

Les  tprouvettes  sont  dispostes  en  chapelet  le  long  d’un  cfible  de 
nylon  en  ro-’ition  horisontale  "erticale  au  contact  des  stdiments, 
au  ooyan  de  flotteurede  If  rt  30  litres  en  polyethylene  rempli  d'essen- 
ce  automobile.  Le  mouillage  de  la  eordte  s'effectue,  suivant  les  sta¬ 
tions,  soit  &  partir  d'une  structure  fixe  immergte  (plate-forme  de  fo¬ 
rage  ou  de  production  )scdt  d'une  boute  lumineuse,  soit  par  immersion  li- 
bre  au  fond  de  la  mer,  la  position  de  la  eordte  ttant  alors  exactement 
reptrte.  Le  relevage  des  tprouvettes,  dans  ce  cas,  est  realist  au  moyen 
d'un  bateau  trainant  derrifere  lui  une  queue  ds  dragage  perpendiculaire- 
ment  it  la  direction  du  mouillage. 

5.4.  Htthodes  d'observatlon  des  tprouvettes 

Aprts  chaque  optration  de  relevage,  un  contrfile  de  l'ttat  des  re- 
vttements  est  effectut  selon  le  processus  suivant  : 

-  Lavage  A  l'eau  douce  des  tprouvettes,  complttt  par  un  brossage, 

-  Rxamen  visuel  approfondi  portant,  d'un  part,  sur  les  dtttriora- 
tions  mtcaniques  subies  par  les  tprouvettes  au  cours  des  optrations  de 
relevage  et  de  rtimmersion  successives,  d'autre  part,  sur  le  comporte- 
ment  proprement  dtt  du  revttement  au  cours  du  temps  (prtsence  de  clo- 
ques,  points  de  rouille,  fissures,  manque  d'adhtrence).  Pour  tliminer, 
dans  la  mesure  du  possible,  toute  interprttation  perBonnelle,  un  sys- 
tfcme  de  cotation  des  dtfauts  relevts  A  ttt  mis  au  point  par  le  GAZ  DE 
FRANCE  et  appliqut  k  chacune  des  parties  constitutives  de  l’tprouvette, 
parties  "accidenttes"  comprenant  les  corniferes,  les  anneaux,  la  bride, 
le  raccord  Grayloc  et  le  fond  de  l'tprouvette  et  parties  "cylindriques" . 
A  partir  de  ces  cotations,  une  notation  d'ensemble  de  l'ttat  du  revtte- 
ment  est  ttablie. 

-  Photographie  des  tprouvettes. 

5.5.  Rtsultats  obtenus 

Les  rtaultats  obtenus  dans  les  difftrentes  stations  sont  rassem- 
bles  dans  le  tableau  3  ;  son  examen  ainsi  que  les  observations  faites 
sur  place  permettent  de  faire  les  commentaires  suivants  : 

a)  Les principales  varittts  de  salissures  rencontrtes  sur  les  t- 
prouvettes  sont  dTorig!ne  anlmale  et”peuvent”6tre  classtes  ainsi  : 

-  Organismes  &  coquille  dure  s  tubeB  de  verre  (serpules,  pomatoct- 
ros,  spirorbea),  mollusques  (hultres),  encroutements  calcaires  (bryozo- 
aires)  et  balanes,  cette  demitre  espAce  n'ttant  prtsente  que  dans  les 
stations  d'Angleterre  et  surtout  du  Gabon  et  du  Golfe  Persique, 

-  Organismes  A  apparence  garonnante  ou  ressemblant  A  de  petits  ar- 
bustes  i  hydraires, 

-  Organismes  mous  :  ascidies,  tponges,  actinies. 

Le  peuplement  des  salissures  et  leurs  dimensions  varie  d’une  sta- 
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tion  &  l'autre  mais  c'est  dans  les  mers  lea  plus  chaudes,  au  large  du 
Gabon  et  Golfe  Peroique,  qu'on  les  rencontre  en  trks  grande  quantity. 

Les  salissures  prdsentent  une  adherence  plus  ou  moins  grande  au 
revStement  et  ne  paraissent  pas  avoir  attaqud  celui-ci,  k  1' except!  on 
des  balanes  qui  possedent,  a  la  base  du  tronc  de  cfine,  une  partie  cou- 
pante  qui  s'incruste  dans  les  systkmes  les  plus  mous,  cas  du  ma3tic  de 
reparation  sous  l'eau  ref.  15  bis  immergd  au  Golfe  Persique. 

b)  Parmi  les  systkmes  immergds  ail.laigS.SiiAntibos  par  100  m  de 
fond,  cinq  sont  dans  un  dtat  gdndral  "asses  bon'  apres  le  dernier  exa- 
men  effectue  ;  ce  sont  le  polyester  charge  rdf.  6  et  le  polydthylkne 
ref.  23  (48  mois),  la  rdsine  dpoxydique  rdf.  19  (36  mois)  et  les  rdsi- 
nes  dpoxydiques  modifides  rdf.  20  et  21  (24  mois).  Les  autres  revkte- 
ment3  peuvent  se  classer  ainsi,  en  tenant  compte  du  temps  pendant  le- 
quel  leur  comporteraent  est  restd  satisfaisant  (dtat  gdndral  au  moins 
"assez  bon")  : 

-  Tenue  dgale  a  36  mois  :  systkmes  ref.  1,  2/ 15.  4,  12,  15  bis  ; 

-  Tenue  dgale  k  24  mois  :  systkmes  rdf.  5,  9  ; 

-  Tenue  egale  a  12  mois  :  systemes  rdf.  3,  7,  16  ; 

-  Tenue  infdrieure  k  12  mois  :  systemes  rdf.  11,  14,14  bis, 17, 18. 

II  y  a  lieu  egalement  de  signaler  que  les  revStements  se  compor- 
tent  en  gdndral  de  faqon  satisfaisante  dans  les  parties  "cylindriques" 
alors  que  dans  les  parties  "accidentdes" ,  plus  difficiles  k  revktir  et 
plus  sensibles  aux  ddtdriorations  mdcaniques.  ils  se  prdsentent  en  as¬ 
sez  mauvaia,  mauvais  ou  trks  mauvais  dtat. 

c)  Le  comportement  des  revdtements  dana_lea_BUirfia_aia±iona ,  Her 
du  Nord,  Gabon  et  Golfe  Persique,  est,  dans  l'ensemble,  voisin  de  ce- 
lui  observd  a  Antibes. 

6.  Conclusions 


Les  rdsultats  obtenus  au  cours  <le  cette  experimentation  qui  se  pour- 
suit  toujours  en  1972,  permettent,  des  maintenant,  de  faire  une  selec¬ 
tion  des  meilleurs  revdtements  pour  chacun  des  essais  effectues  et  done 
de  pouvoir  choisir  le  systeme  de  protection  le  plus  approprie  en  l'onc- 
tion  des  earaetdristiques  de  l'ouvrage  k  protdger  :  forme  des  pieces 
(canalisations,  tdtes  de  puits...),  duree,  lieu  et  profondeur  d'immer- 
sion,  contraintes  subies  ^potentiel  appliqud,  tempdrature  k  laquelle 
peut  dtre  porte  l'ouvrage). 

Les  revdti-ments  expdriraentes  peuvent  ainsi  se  classer  de  la  faqon 
suivante  : 

-  Ouvrages  ou  structures  uniquement  en  immersion  : 

.  Trks  satiafaisants  :  ce  sont  les  systemes  rdf.  1,  2/’5, 

4,  8,  12,  15  bis,  19,  23. 

.  Oatisfaisants  :  rdf.  5.  9,  20,  2’. 

-  Ouvrages  ou  structures  imm<  rges  soumis  uniquement  a  une  protec¬ 
tion  cathodique  : 

.  Tres  satisfaisants  :  rdf.  4,  12,  '9,23 
.  Satisfaisants  :  rdf.  9  et  21  . 

-  Ouvrages  ou  structures  immergds  soumis  uniquement  k  des  chocs 
thermiques  : 

.  Trks  satisfaisants  :  rdf.  1,  4,  8,  '2,  15  bis,  19,  23.  •■•/... 


\ 
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.  Satisfaisanta  :  5,  20  at  21. 

-  Ouvrages  ou  structures  immergds  soumis  it  la  fola  &  une  protec¬ 
tion  cathodique  et  h  des  chocs  theraiquea  : 

.  Trks  satisfaisanta  :  4,  12,  19,  23. 

.  Satisfaisanta  :  21 . 


Nous  remercions  vivement  le  CENTRE  NATIONAL  D' EXPLOITATION  DES 
OCEANS  (C.N.E.X.O.)  de  nous  avoir  pernis  de  presenter  cette  communi¬ 
cation  au  3 feme  Congrfes  International  de  la  Corrosion  Marine  et  des 
Salissures. 


P.J.  6  tableaux. 


Diacuasion 

Question:  Have  you  aeen  any  reaulta  in  any  location  that  would  cause 
a  change  in  selection  of  material  for  either  cathodic  protection  or  for 
materials  of  coating  for  another  location  in  the  ocean? 

Louis:  Je  croia  que,  dans  lea  r^sultats  obtenus  jusqu'i  present,  on  n'a 
pas  trouv£  de  difference  dans  lea  effets  d' immersion  entre  le  comportement 
des  difflrents  revtitements.  Mais  il  est  bien  certain  que,  en  dehors 
des  4  revttements  que  j'ai  indiqutfs  et  qui  donnent  satisfaction  %  tous 
les  potentials,  il  y  en  a  certains  qui  sont  bone  en  protection  cathodique 
et  qui  sont  mauvais  aux  chocs  thermiques  ou  inversement.  Done,  il  faut 
faire  la  synthiaa  de  l'ensemble  des  rlsultata  pour  choisir  en  fonction  du 
lieu  d1  immersion  celui  qui  sera  choisi. 
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TABLEAU  1  :  NOMENCLATURE  DBS  DIFFERENTS  REV ETEH ENTS  ETUPIF, 


FAMILLE  DE  REVETEMENTS 

REFERENCE 

FEVETEilENT 

Hydrocarbon^  charge  poudre  aluminium 

24 

Polyamide  11 

12 

Polychlorure  de  vinyle  (plaatiaol) 

13 

13  bia 

Polyester  charge  flocona  verre 

8 

Polyethylene 

23 

Polyethylene  chloroaulfone  (hypalon) 

9 

Polyethylene  greffe 

30 

Polyurethanne 

11 

RISE  E  N 


ou 

APPLICATEUR 


Produits  e 
base  de  r£- 
sines  epoxy- 
diques 


Syatemea  de  reparation  aous  l'eau  | 
(reainea  epoxydiquea) 


(l)  Les  lettrea  employees  ont  la  signification  suivante  :  a  »  nombre  de  couches  ; 
b  =  realisation  de  la  protection  ;  c  =  mode  d'application;d=tempn  de  sAchage 
entre  couches. 


OEUVRE  (1 


REVETEMENT 


EPAI3SEUR 
TOTALS  (2) 


ASPECT 


COI'LEUR 


A  froid 


A  chaud 


A  froid 


A  chaud 


A  froid 

H 


h  chaud 


A  froid 


A  froid 


A  froid 


pistolct 


pistolet 

pistolet 


brosse 


Fluidisatio 


pistolet 

It 


fluidisatio 


pistolet 


brosse 


0.35 


0,54-0,65 


0,96-1,30 


2 


0,5-0, 6 


0,28-0,35 


0,80-1,18 


0,33-0,41 


Rouge  brun 


Oris  laiteux 


Blanc 


Rouge 


Orange  foncA 


Blanc 


Orange 


Gris  noir 


Gris  clair 


pistolet 


A  chaud 


A  froid 


A  froid 


A  froid 


3 

A  froid 

2 

A  froid 

2 

A  froid 

pistolet 


brosse 


brosse 


brosse 


brosse 


pistolet 


24  h 


1  h  30 


0,22-0,29 


0,32-0,37 


0,08-0,12 


0,67-0,80 


0,47-0,56 


0,28-0,45 


0,29-0,33 


Vert  foncA 


Gris 


Vert 


0,15-0,16 

Rouge 

0,40-0,50 

Blanc 

0,50-0,57 

Noir 

Noir 


Noi1- 


Brun  rouge 


A  froid 


A  froid 


A  froid 


A  froid 


pistolet 


brosse 


brosse 


e 


0,35-0,40 


0,86-1,18 


0,34-0,39 


.8 


Noir 


Gris-beige 


(2)  MesurAe  sur  les  Aprouvettes  de  corrosion  sous-marine  type  ANTIBES.  (tableau  1  -  suite) 

(3)  Utilisation  d'un  conditionneur  de  surface. 
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TABLEAU  2  :  CONPORTEKENT  DES  REVETEMBNTS  AUX  CHOCS  THERMIQUES  AVEC  OU  SAN.. 
SURIMPOSITION  D'UNE  PROTECTION  CATHODIQUE  (-1  500mV) 


PAMILLE  DE  REVETEHENTS 

REFERENCE 

REVETEMENT 

RESULTATS  OBTENUS  AVEC 

1  200  CYCLES  ENVIRON  (l) 

SANS  PROTECTION 
CATHODIQUE 

AVEC  PROTECTION 
CATHODIQUE  i 

Hydrocarbon^  charge  poudre  aluminium 

24 

M  (643) 

Polyamide  11 

12 

AB 

B 

Polyester  charge  flocons  de  verre 

8 

TB 

AB 

Polyethylene 

23 

B 

B 

Polyethylene  chlorosulfone  (hypalon) 

■  9 

M  (460) 

_____ 

Polyethylene  greffe 

3° 

H  (400)M(463) 

Polyurethanne 

11 

M  (790) 

Resines  epoxydiques 

1 

AB 

M  (736) 

2/15 

H  (480) 

3 

M 

4 

E 

AB 

14 

H  (300) 

19 

B 

B 

22 

AB 

26 

B 

Produits  A  base 
de  resines 
epoxydiques 

Rlalne*  dpoxy-brai 

5 

AB 

M 

AB 

M  (773) 

16 

AB 

M 

21 

AB 

25 

B 

Renine  epoxy 
Dolvurethanne 

17 

M  (300) 

Resine  epoxy-brai 
Dolvurethanne 

20 

AB 

AB 

Rdaine  epoxy 
charge  nylon _ 

27 

TB 

Systemes  de  reparation  sous  l'eau 
(resines  epoxydiques) 

14  bis 

non  applique 

15-15  bis (2) 

B 

AB  (712) 

18 

M  (230) 

28 

AM 

29  (3) 

(1)  Lea  lettres  employees  ont  la  signification  suivante  : 

E:  excellent,  TBs  tr&s  bon,  B:  bon  AB  :  assez  bon,  AH  :  assez  mauvais,  M:  mauvaiB, 
Entre  parentheses,  nombre  de  cycles  au  bout  duquel  les  essais  ont  arrfites. 

( 2 )  Eprouvette  revStue  avec  le  systfene  15  A  l'exception  d'une  zone  qui  est  ensuite  prote¬ 
gee  sous  l'eau  par  le  systfeme  correspondent  15  bis. 

(3)  Essai  non  effectu4  an  raison  d'une  mauvaise  application  Bur  l'^prouvette  de  choc 
theraique. 
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(1)  Le  nombre  de  mois  indiqu£  correspond  au  temps  pendant  lequel  le  revStement  est  rest£  satisfaisant  (£tat  au  moins  "assez 
bon").  Pour  lea  aystfemea  encore  aati8faiaanta  a  l'iBaue  du  dernier  examen  effects,  l'indication  de  leur  £tat  a  et£  p6*£e. 

(2)  RevStement  appliqu4  aeulement  aur  tronqons  de  tube  droits. 
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CARACTERISTIQUES  DBS  STATIONS  DE  CORROSIONS  SOOS-NARINES 
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TABLEAU  6  :  BTAT  ACTUEL  DES  REVETBMENTS  SOUS  PROTECTION  CATHODIQUE 


Corrosion  Resistance  of  Metals  in  the  Black  Sea  Water 
F.Tavadze,  S.Uanjgaladie  and  M.Vashakidze 

Institute  of  Metallurgy! 

15  Pavlov  St.,  Tbilisi  60, 

Georgian  SSR,  U.S.S.R. 

Corrosion  resistance  of  a  number  of  metals  has  been 
studied  in  the  Bay  of  Batumi;  it  has  been  found  that  with  a 
complete  immersion  of  samples  the  corrosicn  rate  of  many 
materials  is  muoh  higher  than  that  shown  In  laboratory,  both 
In  artifloial  and  natural  sea  water;  in  the  course  of  the 
tests  an  stainless  steal  samples,  difference  is  observed  in 
the  rate  of  oorroslon  as  well  as  in  its  nature;  main  reasons 
aooeleratlng  corrosion  of  metals  in  the  subtropical  sea  zones 
are  of  biological  character;  in  the  subtropical  zones  the 
highest  corrosion  resistivity  was  displayed  by  the  titanium 
alloys,  chrome-nickel  austentic  ax yfy complex  alloy  chrome- 
manganese  steel  samples;  the  charge  of  the  alloy  structures 
due  to  the  thermal  treatment  affeots  their  oorrosive  pro¬ 
perties* 


This  work  has  been  oarrled  out  to  obtain  comparable  oorroslon 
characteristics  of  some  metallio  materials  (table  1)  used  in  the  sea* 
The  tests  were  accomplished  in  natural  (Batumi  Bay)  and  laboratory 
conditions  ( 3*55?  NaCl,  artificial# and  natural  sea  water).  The  effeot 
of  composition  and  thermal  treatment  of  alloys  has  been  evaluated. 

Experimental  technique.  The  samples  of  the  material  under  study 
(rectangles  -  lOO  x  50  x  J  mm  and  disks  -  30  -  50  mm  dla.)  were  po¬ 
lished  on  a  grinding  wheel  avoiding  their  overheating.  Then  the  samples 
were  washed  in  aoetone  and  after  drying  they  were  weighed  within 

0.0001  g. 

For  the  tests  in  the  port  of  Batumi  the  samples  were  fixed  into 
frames  by  means  of  nylon  strings  with  the  distances  of  5CKL00  mm  bet¬ 
ween  them.  The  frames  were  immersed  at  a  depth  of  5  -  6  m.  The  corros¬ 
ion  tests  were  started  in  summer.  Duration  of  the  tests  in  the  Bea  was 

14  and  26  months  with  the  inspeotioxis  every  3  and  6  months.  After 
each  inspection  the  samples  were  excluded  from  further  tests.  The  sea 
water  in  the  zone  under  study  was  oharaoterlzed  by  the  following  aver¬ 
age  annual  data:  salinity  -  17^*  ohlorinity  -9.2$,,  oxygen  solubility 
“  5*3  mg/l,  density  -  11.9,  temperature  -  18°C,  current  veloolty  - 
4.2  V  soo. 

Laboratory  tests  have  been  carried  out  in  thermostatio  condit¬ 
ions  at  20  and  40°C.  The  effect  of  supply  intensity  of  the  corrosion 
medium  to  the  metal  surfaoe  was  studied  through  complete  immersion  of 
the  samples  into  quiet  and  stirred  eleotrolyte,  as  well  as  through 
alternative  immersion  into  quiet  water.  In  the  latter  case  the  time 
of  expdsure  to  the  eleotrolyte  was  0.5  min,  and  that  to  the  air  was 

15  min. 

The  corrosion  tests  being  co'  listed,  the  samples  were  cleaned  of 
the  oorroslon  produots  and  of  fouling,  then  washed  in  runnang 
water,  dried  and  weighed.  The  regular  corrosion  rate  was  determined 
by  the  weight  losses,  fthile,  the  pitting  corrosion  rate  was  found  by 
the  depth  of  oorroaion/2,3/. 
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SS2HiSa»  After  immersion  the  ourfaces  of  the  samples  were  fouled 
with  various  organisms  -  balanuseo,  pearlworts,  sea  worms,  water  algae, 

The  rate  of  fouling  depended  on  the  composition  of  the  alloys. 

Under  the  fouling  the  low  alloy  steel  samples  revealed  black  products 
of  corrosion,  which  are  common  in  the  conditions  of  restriotcd  air  aooess. 
In  the  laboratory  the  samples  were  coated  with  friable  corrosion  produots 
of  light  brown.  The  low  alloy  steel  samples  in  the  case  of  a  oamplete 
irregular  corrosion  were  destroyed  at  a  rate  of  0,072  -  0,100  mm/ year 
(table  1).  Maximum  corrosion  rate  was  observed  on  the  samples  tested  in 
the  sea  and  in  3.5#  NaCl,  at  40°0,  as  well  as  with  the  alternative  immer¬ 
sion  into  electrolyte.  In  the  latter  case  the  rate  of  corrosion  was  even 
higher  than  in  the  sea.  The  corrosion  rates  of  low  alloy  steel  samples 
tested  by  complete  and  alternating  immersion  in  the  quiet  water  and  by 
alternative  immersion  into^electrolyte,  diff erred  due  to  the  different 
oxygen  supply  to  the  metal  surface  and  to  the  structure  of  the  formed 
corrosion  products. 

In  2  -  3  months  through  pittings  were  formed  on  the  5  mm  thick 
samples  of  chromium  ferrltio  and  chrome-nickel  martensite  steel  under 
the  foundations  of  the  Btlanus  houses.  The  oenters  of  pitting  corrosion 
were  found  on  the  Crl8-Ni8  steel  samples  after  26  months  of  tests  (table 
2). The  complex  alloy  chrome-nlokel  austentic  steel,  Crl8-Ni20.  and  the 
titanium  alloys  appeared  ti  be  corrosion  resistant.  The  pitting  corros¬ 
ion  of  stainless  steel  developing  mainly  under  bolanuses  seems  to  de¬ 
pend  both  on  the  formation  of  differential  aeration  pairs  and  by  the 
change  of  pH  due  to  the  existeroe  of  the  marine  macro- and  microorganisms. 

The  brass  samples  were  fouled  with  single  balanuses  and  coated  with 
yellowish-brown  deposit, while  in  laboratory  the  deposit  was  greenish- 
grey  with  small  yellowiBh-brown  spots;  after  removal  of  the  latter  the 
surface  turned  out  to  be  partially  coppered.  The  corrosion  rate  of  brass 
was  0.005  mm/year,  to  0.014  mm/ year. 

The  samples  of  bronK  alloys  kept  in  natural  conditions  and  in  lab. 
were  covered  with  corrosion  produots  in  the  form  of  green  spots  after  re¬ 
moval  of  which  the  413 Mn2  alloy  was  covered  with  fine  black  rash.Pouling 
of  oopper  alloys,  especially  of  bronze  is  negligible.  As  with  the  low- 
alloy  steel,  maximum  rate  of  corrosion  of  oopper  alloy  was  observed  in 
the  marine  testa.  However,  unlike  the  low  alloy  steel,  alternative  immers¬ 
ion  into  the  sea  water  exerted  less  influence  on  oopper  alloyB,  for  the 
control  process  foe  copper  alloys  is  anodic.  In  the  sea  water  copper 
alloys  are  liable  to  the  pitting  oorrosion. 

The  observed  rate  of  aluminium  sanple  fouling  is  maximum.  Unlike  ths 
stainless  steel, aluminium  under  the  balunus'  house  acts  as  a  cathode .The 
pitting  corrosion  developed  in  the  foul  free  pluces. 

The  tests  in  the  quiet  and  stirred  electrolyte  have  shown  that  the 
rate  of  corrosion  of  alloys  in  these  conditions  is  much  lower  than  in  the 
sea.  Tifough  the  electrolyte's  stirring  increases  the  corrosicn  rate  of 
nearly  all  the  alloys,  corrosion  in  the  sea  is  mainly  enhanced  by  biolo- 
gioal  processes  and  not  by  the  water  movement. 

Some  metals  were  tested  after  various  conditions  of  thermal  treatment 
(table  3).  The  original  ferrit-perlitic  structure  of  low  alloy  steel  scene 
to  be  more  corrosion  resistant  than  the  sorbite  one  obtained  after  harden¬ 
ing  followed  by  tempering.  For  0rl3  and  0rl7-Hi2  steel  hardening  with  sub¬ 
sequent  tempering  doorcases  the  corrosion  resistance.  Normalization  of  the 
aluminium-magnesium  alloy  at  350°C  with  12-hour  exposure  doubles  its  re¬ 
sistance. 

SfiSSlUSifiQfl*111*  oorrosion  rate  of  many  metallic  materials  investigated 
in  the  sea  with  their  complete  immersion  is  considerably  higher  than 
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that  in  tho  laboratory  conditions. 

2.  (lain  reasons  accelerating  the  metallic  oorroeion  in  the  eea  are  biolo¬ 
gical  one ey  the  rate  of  oorroeion  depending  on  fouUng. 

3.  The  rate  of  oorroeion  of  low-alloy  sample s  inoraees  with  alternative 
immersion,  while  the  rate  of  aluminium  alloys  oorrosian  decreases.  The 
rate  of  oorroeion  of  high  alloy  steel  samples  and  of  oopper  alloys  de¬ 
pends  but  slightly  on  the  manner  of  their  immersion. 

4;  The  oorrosion  resistance  of  alloys  depends  on  the  thermal  treatment. 

3.  The  highest  oorrosion  resistanoe  in  the  subtropical  sones  of  the 
Black  Sea  is  typloal  for  the  titanium  alloys,  tbs  ohromeniokel  auste¬ 
nite  and  oomplex  alloj^steol,  which  are  the  most  desirable  for  these  con¬ 
ditions. 
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Table  1 


Rate  of  corrosion  (mm  per  year)  of  alloys  in  the  marine  water 


Nans  of  alloy  Hain  elements  content,  Exposure  time 

group  %  3  months  6  months  26  months  K 


Carbon-steel 

C  0.2 

0,208 

0.088 

0.085 

i 

Low-alloy  steel 

C  0.4  Cr 

0.463 

0.111 

0,10? 

i 

Vf 

C  0,3  Cr  Mn 

0.110 

0.077 

0.059 

i 

»? 

C  0.1  Cr  Si  Ni  Cu 

0.132 

0.079  (0,073) 

1 

High-alloy  steel  Crl 3 

0.079* 

0.065* 

0.0303 

C 

20 

ft 

Cr17li2 

0 ,088* 

0.059* 

0,014*., 

20 

N 

Cr18Ni10  Ti 

0.0002 

0.0002 

0,0003x 

3 

t» 

Cr18Ni:OSi3Cu3Mo3  Nb 

0,0002 

0.C001 

0.0001 

1 

If 

Brass 

ft 

Crl 5NKn1 5  Cu  Lo  Si 

Cu62 

Cu66  Si 

0,08? 

0,066 

0.04?  ' 

0.051  \ 

m 

0.030 

) 

1 

? 

3 

•t 

CuSOS 1 3 

0,033 

0,019  1 

0.014 

1 

1 

Bronse 

Be2 

0,037 

1 

0.019 

1 

1 

« 

AL9Un2 

0.030 

1 

0.011 

1 

0.4 

ft 

ALlOFe3Mn1 .5 

0.038 

0,026 

0,010 

0.3 

Aluminium  alloy 

Mg6 

0,036 

0.020 

0.020* 

1.5 

If 

Ug6  Un 

0,026 

0.016 

0.007 

0.4 

Titanium  alloy 

A15Sn3 

0.000? 

0,0000 

0.0000 

1 

Notest  1.  K-  corrosion  rate  ratio  in  the  natural  and  laboratory  conditions 
in  3,5 $  HaCl  solution  at  roam  temperature  in  3  months  period 

2.  Figures  in  parentheses  show  the  results  after  14  months  of  tests 

3.  x-  samples  subjected  to  pitting  corrosion 


Table  2 

Characteristics  of  pitting  corrosion  of  alloys  in  the  marine  water 


Name  of  alloy  group 


Main  elements  oontenl;  Maximum  Fitting- 
£  depth  of  factor 

pittings. 


mm 


Rate 

of 

corro¬ 

sion 

irre- 


High-alloy  steel 

Crl  3 

5.0 

185 

Cr17N12 

5.0 

307 

17 

f» 

Cr18Ni10  Ti 

0,28 

9300 

10 

Bronse 

Be2 

0.2 

10 

20 

Aluminium  alloy 

Mg6 

0.25 

42 

30 

Ug6  Un 

1.16 

580 

0.5 

Table  3 

Rate  of  corrosion  (mm  per  year)  of  alloys  after  thermal  treatment 

Name  of  alloy  Main  elements  Regime  of  thermal  treatment  Rais  of  1C 

group  content,  $  oorro- 


tow-alloy  steel  0  6,4  dr 

High-alloy  at .  Crl 3 

"  Cr17Ni2 

Bronse  A19Mn2 

Brass  Cu62 

Aluminium  alloy  Mg6 


Hardening  350  V**t«r»  temper-  6,6&!>  1  ,i 

180°,  exposure-  10  min. 

Hardening  1000°/water, temper-  0,062*  0,5 
600° ,  exposure-  10  min. 

Hardening  1120°/water, temper-  0,035*  0,4 
300°,  exposure-  15  min. 

Annealing  700° , exposure-  30  m. 0,017  0,8 
Annealing  750° , exposure-  30  m.0,031  0  2 
Normalisation  140°,  exposure-  0,007  3.0 


Normalisation  350 

_ 12  hr _ 

Notes*  1,  K-  corrosion  rate  ratio  in  the  original  conditions  and  after 
thermal  treatment 

2.  x-  samples  subjected  to  the  pitting  corrosion 


HlcroCouling:  The  Role  of  Primary  Film  Forming  Marine  Bacteria 


William  A.  Corpe 

Department  of  Biological  Sciences 
Barnard  College,  Columbia  University 
New  York,  N.  Y.  10027 


When  glass  slides  were  submerged  In  the  sea  or  sea  water  samples, 
bacteria  became  attached  and  after  a  week  the  count/  cm?  was  often 
larger  than  2x106  cells.  Common  marine  chemoorganotrophs,  mainly  of 
the  genus  Pseudomonas  were  the  first  organisms  to  become  attached  but 
were  replaced  as  the  predominant  type  after  48-72  hrs,  by  species  of 
Caulobacter.  Hvphomlcroblum  and/or  Saprosplra.  Diatoms  and  stalked 
protozoa  became  attached  and  grew  only  after  bacterial  films  had  be¬ 
come  established. 

Pseudomonas  Isolates  attached  and  grew  at  a  faster  rate,  from 
a  small  Inoculum,  In  sea  water  enriched  with  0.005Z(w/v)  yeast  ex¬ 
tract,  than  either  Caulobacter  or  Saprosplra  species.  The  extent 
of  growth  and  maintenance  of  attachment  was  related  to  the  concen¬ 
tration  of  nutrients. 

All  of  the  perlphytlc  bacteria  produced  an  extracellular, 
alcohol  Insoluble  material  that  gave  a  variety  of  tests  for  poly- 
anionic  carbohydrates.  The  polymers  formed  water  insoluble  pre¬ 
cipitates  with  Alcian  Blue  and  cationic  detergents.  They  were  com¬ 
pletely  adsorbed  by  anion  exchange  cellulose  but  were  eluted  with 
dilute  solutions  of  NaOH  into  several  fractions,  each  with  a  differ¬ 
ent  charge  density.  The  ability  of  polyanions  to  complex  metal  Ions 
and  aggregate  particulate  materials,  causes  them  to  be  of  special 
Interest  to  marine  fouling  and  corrosion. 

Key  Words:  Mlcrofoullng;  film  forming;  perlphytes; 
poly anionic  carbohydrates. 


1.  Introduction 

The  attachment  of  sessile  animals  and  plants  to  solid  surfaces  submerged  In  the  sea  Is 
commonly  referred  to  as  marine  fouling  and  has  long  been  recognized  as  a  biological  problem 
that  causes  major  economic  losses  to  the  marine  Industry  since  all  types  of  structural 
materials  exposed  to  sea  water  will  sooner  or  later  become  fouled  (l).l 

The  Identification  and  study  of  various  organisms  concerned  with  the  fouling  process 
(2,3)  and  the  development  of  various  techniques  for  retarding  them  have  only  been  partially 
successful  (4)  and  It  seems  clear  that  additional  approaches  to  understanding  the  process 
are  needed. 

Fouling  Is  an  accumulative  process  In  which  a  succession  of  species  become  attached  and 
grow  over  an  extended  period  of  time.  The  development  of  "Aufwuchs"  species  Is  certainly 
enhanced  In  polluted  areas  (3)  which  suggests  that  the  amount  and  kind  of  food  available  Is 
one  of  the  major  factors  related  to  fouling.  Since  organic  and  Inorganic  residues  are  acted 
upon  and  modified  extensively  by  bacteria  and  other  microorganisms,  one  must  consider  the 
relationship  of  these  biologically  Important  agents  to  the  overall  process. 

ZoBell  (5,6)  has  shown  that  Initially  clean  surfaces  submerged  In  the  sea  become  popu¬ 
lated  by  perlphytlc  bacteria  within  a  matter  of  a  few  hours.  Such 'organ ismj  were  not  dis¬ 
lodged  by  wsshlng  with  sea  water.  The  work  of  Marshall  and  associates  (7,8)  have  shown  that 
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The  numbers  In  parenthesis  refer  to  the  list  of  references  at  the  end  of  this  paper. 
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sorption  of  oarlns  bacteria  to  solid  surfaces  has  a  reversible  and  irreversible  phase  and 
that  irreversible  attachment  is  coincident  with  the  production  of  flbrllar  materials  on  the 
bacterial  surface  which  is  believed  to  serve  as  a  bridge  between  the  call  surface  and  the 
solid  substratum,  overcoming  the  repulsion  barrier  that  exists  between  the  two. 

In  an  earlier  work,  Corpe  (9)  described  a  group  of  perlphytes  that  produced  considerable 
quantities  of  extracellular  polysaccharide  slime  which  was  considered  to  be  at  least  in  part 
responsible  for  attachment  of  the  organisms;  but  was  also  shown  to  cause  aggregation  of  other 
bacteria  and  particulate  debris  to  the  substratum. 

The  growth  and  polysaccharide  producing  properties  of  some  of  the  periphytlc  bacteria 
Involved  In  microfoul Ing  will  be  described  in  the  present  work  and  their  possible  Importance 
as  precursors  of  the  heavy  mlcrofouling  process  dlscussad. 

2.  Materials  and  Methods 
Submersion  of  glass  slides  In  sea  water 

Sterile  glass  slides  (50x75  mm)  were  attsched  to  a  6  mm,  steel,  marine  cable  and  sub¬ 
merged  In  the  see  at  various  locations  at  a  depth  of  1-5  meters  below  the  surface  at  low  tide. 
Slides  were  also  submerged  In  large  aquaria  or  water  samples  while  held  In  glass  racks 
(Wheaton  Glass  Co.,  Millville,  N.  J.).  The  preparstlon  and  handling  of  slides  have  been 
described  elsewhere  (10).  Slides  were  submerged  in  the  sea  from  (a)  the  end  of  the  pier  at 
Scrlpps  Institution  of  Oceanography  (SIO)  In  LaJolla,  Calif;  (b)  from  a  U.S.  Navy  Oceano¬ 
graphic  tower  one  mile  off  the  coast  at  San  Diego,  California;  and  (c)  from  a  floating  dock 
at  Point  Lome  In  San  Diego  Bay.  Slides  were  also  submerged  In  large  sea  water  samples  col¬ 
lected  at  Sandy  Hook  State  Park  on  the  New  Jersey  shore  and  at  Daytona  Beach,  Florida,  at  a 
test  site  maintained  by  Battelle  Institute,  Columbus,  Ohio,  Slides  were  also  submerged  In  a 
large  regulated  marine  aquarium  which  has  been  previously  described  (10). 

Estimation  of  the  number  of  periphytlc  bacterls  on  glass  slides 

Slides  were  removed  from  sea  water  aseptlcally  after  various  periods  of  time  then  rinsed 
5  tines  with  sterile  sea  water  to  remove  the  unattached  organisms  and  swabbed  with  a  sterile 
Dacron  swab  (Scientific  Products  Co,,  Raritan,  N.  J.).  The  swabblngs  were  diluted  and  plated 
for  determination  of  viable  counts,  using  Bacto  Marine  agar  (Dlfco  Co.,  Detroit,  Mich.)  aa  the 
plating  medium.  The  colony  counts  from  duplicate  plates  were  multiplied  by  dilutions  and 
divided  by  the  area  swabbed  In  centimeters  to  determine  the  viable  count  per  cm?.  Rinsed 
slides  were  also  fixed  and  desalted  with  2X(v/v)  glacial  acetic  acid.  In  distilled  water,  for 
5  min  then  rinsed  with  tap  water  and  stained  with  Hucker's  crystal  violet  for  1  min  or  lX(w/v) 
aqueous  Alclan  Blue  (8GN,  Matheson,  Coleman  and  Bell,  East  Rutherford,  N.  J.)  for  20  min. 
Slides  were  rinsed  with  tap  water  and  dried  In  air  and  examined  with  the  oil  Immersion  lens 
of  a  Leltz  microscope.  The  bacterial  cells  In  20  microscopic  fields  were  counted  and  the 
average  number  of  cells  per  field  determined  and  used  to  calculate  the  microscopic  count  per 
cm*.  Pairs  of  slides  were  usually  examined  In  each  determination. 

Isolation  and  characterization  of  the  main  periphytlc 
bacteria  that  form  colonies  on  sear  plates 

The  predominant  types  of  bacteria  forming  colonies  on  marine  agar  were  Isolated  for 
study.  They  were  mainly  gram  negative,  motile,  non-spore  forming  rods  that  grew  as  perlphytes 
on  slides  submerged  In  artificial  sea  water  (Instant  Ocean  Aquarium  Systems,  Inc.,  Wlckllffe, 
Ohio)  containing  0.005X  Bacto  yeast  extract  of  Bacto  peptone  (Dlfco,  Detroit,  Michigan).  They 
were  Identified  as  Pseudomonas .  Flavobacterlum  and  Achromobacter  species  which  represented 
over  90X  of  the  total  Isolates  (10). 

The  organisms  described  In  this  paper  represented  the  predominant  types  from  slides  sub¬ 
merged  at  various  sites  and  are  listed  In  Table  1.  Plate  counts  were  done  on  water  samples 
taken  at  the  sites  where  slides  were  submerged  usually  at  the  beginning  and  during  the  experi¬ 
ments;  using  Bacto  Marine  agar  as  the  pletlng  medium.  Several  bacteria  isolated  directly  from 
sea  water  were  Included  In  certain  phases  of  this  study.  A  representative  Isolate  studied  In 
sons  detail  Is  listed  In  Table  1. 

Characterization  of  the  bacterial  Isolates  was  done  following  procedures  described  by 
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Shewan,  Hobbs  and  Hodgkiss  (11)  and  Shcwan  (12).  Morphology  of  broth  and  agar  grown  cells 
was  examined  with  the  phaae  microscope  and  Gram  stained  by  the  Hucker  modification  (13). 
Motility  was  determined  In  young  agar  and  broth  cultures  and  flagella  were  stained,  after 
fixation  with  formaldehyde,  by  the  Lelfson  method  (14).  Total  cell  counts  were  done  using  a 
Petrof f-Hauser  counting  chamber  by  procedure  described  by  Wilson  and  Knight  (15). 

Production  of  extracellular  polysaccharides  by  marine  bacteria 

The  marine  isolates  were  grown  aerobically  In  a  medium  containing  Bacto  peptone,  0.5K(w/v) 
and  glucose,  17.(w/v)  In  artificial  sea  water  diluted  to  provide  8  parts  of  sea  water  to  2  parts 
of  distilled  water.  The  organisma  were  grown  at  25-28C  In  500  ml  flasks,  containing  100  ml  of 
medium  and  mounted  on  a  shaker  rotating  at  70  rpm.  After  Incubation  for  4  days  the  cultures 
were  chilled  and  then  centrifuged  In  a  model  SS-3  Servall  centrifuge  with  a  GSA  head  (Ivan 
Serval  Co.,  Norwalk,  Conn.)  at  9,000  rpm.  The  cells  were  washed  three  times  with  dilute  sea 
water  (8:2),  frozen  and  lyophillzed  for  determination  of  dry  weight.  The  culture  super¬ 
natant  fluids  were  added  with  stirring,  to  2  volumes  of  cold  methanol  or  acetone.  The  pre¬ 
cipitate  that  formed  was  allowed  to  settle  In  the  cold  room  at  4C  and  then  the  clear  super¬ 
natant  fluid  decanted  and  the  precipitate  recovered  by  centrifugation  at  3,000  xG.  The 
precipitates  were  desalted  by  dialysla  at  room  temperature  against  4  changes  (20  liters)  of 
0.01N  HC1  and  exhaustively  dialysed  against  distilled  water  to  remove  chloride  Ion.  The 
small  amount  of  precipitate  that  persisted  or  that  formed  during  dialysis  was  removed  by  cen¬ 
trifugation.  The  material  did  not  contain  carbohydrate  and  was  discarded.  The  clear  super¬ 
natant  fluid  was  neutralized  to  pH  7  with  0.01N  NaOH,  lyophillzed  and  weighed. 

Saprosplra  grandls  Gross  (ATCC  23116)  was  grown  In  the  medium  of  Lewln  (16),  and  Caulo- 
bacter  halobac teroldes  Poindexter  (ATCC  15269)  was  grown  In  a  medium  described  by  Poindexter 
(17).  Polysaccharides  were  recovered  from  culture  supernatant  fluids  as  described  above. 

Some  analyses  of  the  polysaccharides 

The  anthrone  method  described  by  Nelsh  (18)  was  used  as  a  general  test  for  carbohydrates 
and  as  a  quantitative  method  for  neutral  sugars  by  reference  to  a  standard  curve  prepared  with 
glucose.  The  uronlc  acid  content  of  polysaccharides  was  estimated  by  the  Dlsche  carbazole 
method  according  to  the  procedure  given  by  Kabat  and  Mayer  (19).  Glucuronic  acid  was  used  to 
prepare  the  standard  curve.  Samples  of  polysaccharide  were  hydrolyzed  in  sealed  tubes  with 
INH2SO4  for  1,2,4  and  6  hours  In  a  boiling  water  bath.  After  the  tubes  were  cooled  they  were 
opened,  the  contents  neutralized  with  INNaOH  to  pH  7  and  the  reducing  values  determined  by 
the  Park  and  Johnson  procedure  as  described  by  Kabet  and  Mayer  (19). 

Samples  of  the  polysaccharides  were  hydrated  and  suspended  In  distilled  water  and  diluted 
to  provide  concentrations  ranging  from  lmg/ml  to  25  ng/ml.  One  ml  samples  were  mixed  with 
0.5  ml  ot  lZ(w/v)  Alclan  Blue  and  after  10  min  examined  for  the  presence  of  a  water  insoluble 
precipitate.  The  precipitate  was  recovered  by  centrifugation  and  washed  3  times  with  distilled 
water  and  dissolved  In  IN  H2SO4  and  the  optical  density  read  at  605  nm  against  a  reagent  blank. 
The  dye  content  was  determined  by  reference  to  a  standard  curve  prepared  with  Alclan  Blue  In 
IN  H9SO4.  The  test  has  been  found  to  be  quite  specific  for  acid  polyanions  (Kang  and  Corpe, 
unpublished  data).  The  polysaccharides  were  also  tested  for  the  formation  of  water  insoluble 
complexes  with  the  cationic  detergent  hexadecyltrlmethy lammonlum  bromide  (Eastman  Kodak  Co., 
Rochester,  N.  Y.)  using  the  method  of  Scott  (20). 

The  adsorption  of  polysaccharides  on  dlethylsmlnoethyl  (DEAE)  cellulose  In  the  -OH  form 
was  done  using  the  column  procedure  of  Neukom  and  Kuendig  (21).  Columns  were  eluted  with  dis¬ 
tilled  water,  0.05,  0.1,  0.5  N  NaOH  in  that  order  and  successively  collected  5  ml  fractions 
analyzed  for  neutral  carbohydrates  and  uronlc  acids  as  described  above. 

3.  Results 

Comparison  of  the  total  and  viable  counts  of  perlphvtic 
bacteria  on  glass  slides  submerged  In  the  sea 

The  tlsw-course  attachment  of  bacteria  to  sterile  glsss  slides  submerged  from  the  end  of 
Scrlpps  pier  In  LaJolla  are  shorn  In  Figure  1.  The  microscopic  count/  cm'  Increased  to 
2.2xlO”/cm2  after  6  days  but  the  viable  (plate)  count  Increased  to  only  lxloVcm?  during  the 
same  period  and  then  fell  to  SxlO^/cm*  by  the  end  of  the  7th  day,  while  the  microscopic  count 
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»*«  adll  Inc  railing.  The  viable  count/  ml  of  tea  water  ranged  between  JO  and  200  during  the 
experiment . 

The  data  repreient  averaga  count*  from  pain  of  alldei.  Mlcroicoplc  count*  Involved 
counting  of  ilngle  cell*  which  were  often  In  clump*  and  mlcrocolonles,  where**  the  plate 
counta  were  eitlmate*  of  'icolony  forming  unit*"  which  could  have  represented  either  single 
cells  or  large  cell  ■asses.  The  error  Is  enormous  In  both  methods  but  there  are  several 
facts  that  emerge  from  this  and  similar  experiments  (10)  when  comparisons  are  made  of  the 
types  of  bacterl*  on  stained  slides  with  thoss  that  form  colonies  on  agar.  Bacteria  that 
form  colonies  on  sgar  ar*  short,  coccold  or  slightly  curved  rods,  a  typ*  which  seems  to  pre¬ 
dominate  through  the  first  48  hr  of  subawrgsnce.  These  were  repleced  as  the  predominant  type 
after  4C-72  hn  by  stalked  and  fllmaentous  bacteria,  which  ware  never  observed  on  Bacto  marine 
agar  plates  (22). 

Slides  submerged  at  uther  locations  gave  similar  resulta  In  which  the  total  counts  always 
greatly  exceeded  the  viable  count  (10).  The  first  organisms  were  short  rods  but  were  sup¬ 
planted  as  the  predominant  type  by  stalked,  budding  or  filamentous  forms  that  have  been 
Identified  as  Caulobacter.  Hvohomlcroblum  and  Saorosolra  species  which  do  not  form  colonies 
on  Bacto  marine  agar  when  plated  directly  from  natural  environments  (10).  Other  micro¬ 
organisms  such  as  diatoms,  and  attached  protozoa  appeared  only  after  the  bacterlel  films 
had  become  well  established. 

The  development  of  bacterial  fllma  on  slides  submsrgsd  In  San  Diego  Bay  occurred  very 
rapidly,  presumably  because  of  the  relatively  high  concentration  of  organic  nutrients  In  the 
water  compared  to  that  In  waters  facing  the  open  sea.  After  5  days,  various  kinds  of  parti¬ 
culate  matter  eccumulated  on  the  surface  of  the  slides  and  by  the  10th  day  a  large  stalked 
protozoan  Identified  as  a  species  of  Zoothamnlum  were  seen  In  abundance  In  a  living  state  or 
heavily  encrusted  with  particulate  debris  (23). 

Identification  of  the  principle  perlohvtlc  genera  Isolated  from  glass  slides 

The  perlphytlc  bacteria  Isolated  from  agar  plates  wsr*  mainly  gram  negative  rods.  S0-90X 
of  the  total  Isolates  were  Identified  as  Pseudomonas  species  (Table  1).  They  were  motile, 
polarly  flagellated  rods  with  single  polar  flagella,  oxidase  positive  and  non-plgmented  ex¬ 
cept  In  old  colonies  on  agar  which  became  off  white  or  yellow-tan  In  color.  10-491  were  a 
mixed  group  of  yellow  or  orange  pigmented  organisms  Identified  as  Flavobactarlum  spp.  or  non- 
plgmented,  non-mot  11*  rods  Identified  as  Achromobactsr  spp.  Gram  positive  organisms  ware 
encountered  only  rarely  and  accounted  for  only  10-15X  of  the  cultures  Isolated  from  slides 
(10). 

The  Pseudomonas  species  were  studied  In  greatest  detail.  All  of  them  oxidized  glucose 
to  acid  but  none  grew  anaerobically  ov  produced  fermentation  reactions.  Nona  of  the  Isolates 
grew  In  broth  prepared  with  distilled  water.  T6c,  Ma71b  and  6b  produced  rather  heavy  vis¬ 
cosity  when  grown  In  PGYE  sea  water  broth  after  3  days  on  a  shaker;  the  other  cultures  did 
not.  T6c  Is  representative  of  a  number  of  strains  of  Pseudomonas  atlantlca  which  were 
described  In  s  previous  paper  (9). 

Growth  of  bacteria,  from  a  small  Inoculum,  on  slides  lubmerxed  In 
artificial  sea  water  enriched  with  0.0OSX(w/v)v*a«t  extrsct 

Each  of  the  predominant  Isolates  as  well  as  pure  cultures  of  C.  helobac terolde*  snd  S. 
erandls  were  examined  for  their  eblllty  to  attach  and  grow  from  small  Inoculum  (3-6,000 
cells)  on  the  surfaces  of  glass  slides  submerged  In  200  ml  of  artificial  sea  water  enriched 
with  0.00SX  yeast  extract.  Data  In  Table  2  shows  thst  the  microscopic  count*  ususlly  ex¬ 
ceeded  the  viable  counts  at  both  24  and  68  hrs,  often  by  a  very  large  factor.  Some  of  the 
organisms  grew  snd  attached  more  rapidly  than  others.  The  Caulobacter  and  Saorosolra 
species  did  not  Initiate  growth  or  attachment  at  a  rate,  even  close  to  that  of  the  pseudo¬ 
monads.  Culture  103  a  sea  water  Isolate  became  attached  to  glass  slides  and  grew  as  s 
perlphyte. 

The  attschment  of  several  of  the  bacteria  was  followed  In  *  time  course  experiment  with 
more  frequent  counts  mad*.  Such  an  experlamnt  with  culture  Ha  8  Is  shown  In  figure  2.  The 
microscopic  snd  viable  counts/  cm?  Increased  until  the  36th  hour,  then  both  decreased 
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■teadlly.  The  viable  count  of  the  organisms  in  the  medium  (unattached)  followed  the  same 
course.  Cultures  T6c,  Ma  13,  6b  and  103  showed  the  same  type  of  growth  curves  although  the 
rate  of  attachment,  growth  and  extent  to  which  they  became  detached  were  somewhat  different. 
When  the  nutrient  level  was  increased  to  0. l-0.5X(w/v) ,  larger  viable  and  total  populations 
/cm2  were  observed,  death  and  cell  detachment  was  the  final  result. 

The  conditions  used  in  this  experiment  of  course  are  hardly  equivalent  to  what  one  might 
occur  in  the  sea,  where  mixing  and  aeration  and  constant  supply  of  fresh  nutrients  are  made 
available  to  the  attached  perlphytes,  nevertheless  it  attests  to  the  ability  of  the  organisms 
to  attach  and  initiate  rapid  growth  in  a  sea  water  containing  low  levels  of  a  complex  nutrient. 
When  artificial  sea  water  was  supplemented  with  glucose  or  succinate  and  Inoculated  with  the 
same  sort  of  small  Inoculum  (30*60  cells/ml)  no  growth  or  attachment  occurred.  When  the  size 
of  the  Inoculum  was  Increased  to  102/ml,  attachment  by  only  a  very  small  percentage  of  the 
cells  occurred.  Cells  that  were  killed  by  heat  or  formaldehyde  did  not  become  firmly  attached 
to  glass  slides  lrregardless  of  the  medium. 

Polysaccharides  containing  material  isolated  from 
cultures  of  marine  perlphytlc  bacteria 

As  was  noted  above,  slides  submerged  in  natural  environments  supported  organisms  that 
produced  Alcian  Blue  stalnable,  acid  polysaccharide  slime  which  was  believed  to  be  concerned 
with  attachment  of  perlphytes  to  solid  surfaces  (9).  The  yield  of  extracellular,  alcohol 
Insoluble,  non-dlalyzable  materials  was  variable,  but  the  properties  of  each  of  the  products 
indicated  the  presence  of  polyanionic  carbohydrate. 

Molar  ratios  of  neutral  sugars  to  uronlc  acids  show  wide  differences  among  the  various 
products.  T6c  and  other  Strains  of  Pa.atlantlca  show  a  ratio  of  1:1.  6b,  Ma  8  and  Ma  13  have 
a  ratio  of  2:1  and  Ma71b  contains  3  times  as  much  uronlc  acid  as  neutral  sugar.  Culture  103, 

C.  halobacteroides  and  S.  grand Is  products  contain  much  more  neutral  sugar  than  uronlc  acid. 

Hydrolysis  of  the  polysaccharides  with  IN  HjSO^  was  fairly  rapid,  as  shown  in  Table  3. 
Samples  containing  the  greatest  proportion  of  uronlc  acid  (T6c,  Ma71b)  showed  most  rapid  de¬ 
struction  of  reducing  sugar  when  the  hydrolysis  time  was  extended.  Caulobacter  and  Saprosoirs 
products  were  more  resistant. 

All  of  the  polymers  gave  some  precipitate  with  the  cationic  detergent  hexadecy ltrlmethy  1- 
ammonium  bromide.  The  ratio  of  neutral  sugar  to  uronlc  acid  in  the  precipitate  was  similar 
to  that  of  the  starting  material  but  that  remaining  in  solution  showed  a  greater  proportion 
of  neutral  sugar. 

The  amount  of  Alcian  Blue  bound  per  milligram  of  polymer  seems  to  be  a  conslstant  and 
reproducible  property, but  it  could  not  be  correlated  with  either  the  titratable  acidity  of 
the  polyanions  nor  the  total  amount  of  uronlc  acid  present. 

All  of  the  carbohydrate  was  adsorbed  onto  DEA£  cellulose  and  was  eluted  with  increasing 
molarity  of  NaOH  as  shown  in  Tsble  3.  The  fractions  eluted  with  0.01M  NaOH  contained  a  rela¬ 
tively  small  amount  of  uronlc  acid  compared  with  fractions  eluted  with  0.05  and  0.1M  NaOH. 

The  fractions  isolated  with  0.5  M,  presumably  are  those  with  the  greatest  charge  density  but 
Inasmuch  as  the  amount  of  uronlc  acid  is  considerably  less  than  the  amount  in  the  earlier 
fractions,  suggest*  that  otter  acidic  groups  may  be  present,  perhaps  sulfate.  A  typical 
elution  pattern  is  shown  in  figure  3. 

Several  of  the  polysaccharides  Isolated  from  perlphytlc  cultures  showed  some  ability  to 
Interact  with  salts  of  heavy  metals  either  by  forming  an  Insoluble  precipitate  (Table  3)  or 
by  showing  spectral  shifts  in  the  ultraviolet  region  which  was  usually  accompanied  by  a 
slight  shift  in  pH.  The  interaction  of  copper  sulfate  and  7mg/0/ml  in  5  ml  T6c  polysaccharide 
in  mg/ml  concentration  was  particularly  dramatic,  with  an  instantaneous  formation  of  a  firm 
gel  when  the  polymer  and  the  salt  were  mixed.  In  other  cases  (Ma8  and  C ,  halobacteroides)  a 
heavy  precipitate  was  formed,  which  settled  to  the  bottom  of  the  tube. 

4.  Discussion 

The  mlcrofoullng  of  glass  slides  and  other  solid  surfaces  submerged  in  sea  water  teems 
to  follow  a  course  that  can  be  divided  into  roughly  three  phases,  (a)  Primary  attachment  by 
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common,  marine,  chemoorganotrophs  which  readily  ute  organic  nutrient!  adsorbed  to  the  solid 
substratum  but  are  followed  by  (b)  attachment  and  growth  of  somewhat  more  nutritionally 
speciallzad,  stalked  and/or  filamentous  forms,  which  become  the  predominant  perlphytlc  flora. 
When  bacterial  films  have  been  established  (c)  diatoms,  other  microalgae  and  sessile 
protozoa  appear  In  large  numbers . 

Identity  and  growth  of  primary  perlphytes 

While  various  Pseudomonas  species  were  recognized  as  the  principle  perlphytlc  bacteria 
that  attach  Initially,  Flavobacterlum  and  Achroetobacter  species  were  also  commonly  encountered 
(10).  Many  marine  bacteria  Isolated  directly  from  sea  water  represented  by  culture  103  were 
able  to  exist  as  perlphytes  under  experimental  conditions  which  suggests  that  perhaps  most  of 
tha  common  chemoorganotrophs  In  sea  water  exist  as  perlphytes,  depending  on  the  specific  en¬ 
vironmental  conditions  and  the  nature  of  the  solid  substratum.  These  perlphytes  grew  readily 
In  sea  water  with  low  levels  of  nutrient  (Table  2).  The  extent  of  their  growth  seems  to  be 
related  to  the  nutrient  concentration  and  probably  more  specifically  to  the  amount  of  nutrient 
adsorbed  to  the  solid  substratum.  After  maximum  growth,  cell  death  occurred  (Fig.  2)  probably 
because  of  the  exheustlon  of  nutrients  and/or  accumulation  of  wastes;  thus  Initiating 
autolysis  resulting  In  release  of  cells  from  the  substratum.  In  natural  environments  where 
mixing,  aeration  and  a  more  constant  supply  of  fresh  nutrients  are  made  available  and  Inhib¬ 
itory  growth  products  removed,  cell  death  might  not  occur  as  rapidly.  Results  of  the  plate 
count  which  Is  a  measure  of  the  primary  perlphytes  (Fig.  1)  show  that  they  do  decline  after 
144  hrs  although  nutrient  exhaustion  Is  not  necessarily  the  cause. 

The  number  of  viable  cells  was  always  a  very  small  fraction  of  the  total  count/cm^  which 
Is  not  entirely  due  to  experimental  error.  The  growth  and  viability  of  cells  In  the  micro¬ 
environment  of  a  surface,  la  the  Information  that  Is  needed  to  explain  the  results,  but  this 
Is  not  available. 

Secondary  perlphytes 

Bacteria  which  attach  secondarily  and  become  the  predominant  flora  were  Identified  as 
Caulobacter.  Hvphomlcroblum  and  Saprosolra  species.  These  organisms  did  not  grow  as  rapidly 
as  paeudomonads ,  from  a  small  inoculum  in  the  artificial  environment  (Table  2).  While  there 
la  no  experimental  evidence  to  suggest  the  secondary  species  are  dependent  on  some  condition 
created  by  the  primary  perlphytes,  this  possibility  can  not  be  ruled  out.  The  stalked, 
budding  and  filamentous  forms  did  not  form  colonies  on  Dlfco  marine  agar,  which  seemed 
curious  since  they  are  aerobic  chemoorganotrophs. 

Hlrsch  and  Conti  (24)  have  indicated  that  Hvphomlcroblum  does  not  grow  well  on  consson 
laboratory  media  and  Lewln  (25)  has  pointed  out  that  Saprosolra  are  predatory  saprophytes, 
suggesting  that  they  My  require  special  nutrients  provided  by  other  organisms  for  direct 
Isolation.  Caulobacter  spp.  My  be  stimulated  by  secretions  from  other  species  (16).  It  is 
conceivable  that  the  special  growth  requirements  of  these  species  are  not  met  by  the  plating 
medium  used. 

Microalsae  and  protozoa 

The  appearance  of  numerous  diatoms  and  other  microalgae  on  surfaces  of  slides  only  after 
bacterial  fllM  have  been  developed  may  be  because  of  the  relatively  slow  growth  rate  of  these 
perlphytes,  rather  than  some  stimulatory  effect  provided  by  the  bacterial  film.  The  develop¬ 
ment  ol  saprozolc  or  holozoic  protozoa  on  the  other  hand  My  be  quite  dependent  on  the 
bacterial  film  to  supply  the  amount  and  kind  of  nutrients  which  favor  their  growth.  Perlphytlc 
bacteria  have  been  shown  to  produce  a  wide  variety  of  hydrolytic  enzymes  (26)  which  could 
catalyze  the  hydrolysis  of  bacterial  cell  material  and  other  organic  residues  which  have  been 
adsorbed  to  bacterial  films.  Films  of  considerable  complexity  were  observed  on  slides  sub¬ 
merged  in  San  Diego  Bay  (Table  1).  Not  only  attached  bacteria  but  particulate  debris  accumu¬ 
lated  on  the  surface  of  slides  as  well  as  on  the  bodies  of  stalked  protozoa  which  had  attached 
to  the  surface.  The  degradation  of  organic  Mterlals  by  enzymes  from  the  perlphytes  would  be 
expected  to  Mke  the  surfaces  a  rich  source  of  nutrients  and  hence  sites  of  Intense  biological 
activity.  Holozoic  protozoa  feed  on  bacterial  cells  (27)  so  their  development  would  be 
expected  to  be  extensive  In  the  vicinity  of  bacterial  films. 
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Secretion  of  polyanions  by  parlphvtlc  bacteria 


Polyanions  wer«  believed  partially  responsible  for  attachment  of  the  orgenlima  to  glaa* 
(9,22)  and  aa  deacrlbed  in  the  preeent  paper  a  similar  material  was  found  in  cultures  of  all 
marine  periphytes  examined,  although  in  variable  amount.  Marshall  and  othera  (7,8)  has  shown 
that  a  marine  periphyte  identified  as  a  Pseudomonas  became  irreversibly  attached  to  solid  sur¬ 
faces,  and  electron  micrographs  of  attached  calls  displayed  fibrillar  protrusions  which  were 
believed  to  enable  the  cells  to  overcome  the  repulsion  barrier  between  their  aurfaces  and  sub¬ 
stratum,  causing  Irreversible  attachawnt.  While  the  composition  of  the  material  was  not  re¬ 
ported,  it  seems  possible  that  it  will  be  found  to  contain  some  carbohydrate  polyanlon. 

The  carbohydrate  materials  contained  neutral  sugars  as  well  as  uronlc  acid,  in  quite 
different  ratios.  In  Ma71b  there  was  a  greater  aiaount  of  uronlc  acid  than  neutral  sugar.  In 
the  products  from  C.  halobacteroides  and  S.  arandls  the  reverse  was  true.  The  total  uronlc 
acid  content  was  not  related  to  the  tltratable  acidity  of  the  products  nor  to  their  ability  to 
combine  with  Alclan  Blue.  The  rate  of  hydrolysla  of  the  products  Indicated  they  contain  dif¬ 
ferent  glycosldlc  linkages.  Rapid  destruction  of  reducing  values  with  extended  heating  times 
was  reasonably  well  correlated  with  the  uronlc  acid  content,  the  latter  being  more  readily 
destroyed  by  acid  than  other  reducing  sugars  (28). 

The  fact  that  the  various  crude  products  could  be  separated  into  several  carbohydrate 
containing  fractions,  each  with  a  different  charge  density  and  a  different  ratio  of  neutral 
sugar  to  uronlc  acid  suggests  (a)  several  dlatlnct  polyanions  a  re  produced  by  the  organisms 

(b)  that  the  native  product  was  partially  degraded  or  depolymerlzed  prior  to  harvesting  or 

(c)  the  native  polymer  was  partially  hydrolised  into  large  subunits  during  isolation.  The 
latter  seems  unlikely  since  materials  Isolated  by  siethods  avoiding  desalting  with  acid  showed 
similar  elution  patterns. 

The  carbohydrate  content  of  washed  cells  was  5-10X(w/w)  and  while  neutral  sugars  were 
present  in  greatest  amount,  uronlc  acid  was  always  present  suggesting  the  presence  of  a  cell 
bound  residue  of  polyanlon  (10).  Material  of  this  sort  may  account  for  the  electronegative 
charge  of  bacterial  cells  and  envelopes  (29).  The  organized  holdfast  structure  of  Caulo- 
bacter  halobacteroides  stains  with  Alclan  Blue  but  so  does  the  rest  of  the  cell.  Cell 
envelopes  of  several  of  the  perlphytlc  isolates  have  been  shown  to  form  water  Insoluble  com¬ 
plexes  with  the  dye  (Corpe,  unpublished  observations)  but  whether  polyanlonlc  carbohydrates 
of  the  type  described  here  are  Involved  is  not  known. 

While  the  syntheses  of  polysnlons  may  facilitate  adhesion  of  cells  to  solid  surfaces, 
they  may  be  equally  important  in  the  formation  of  aggregates  of  particulate  material  (30)  and 
Interact  with  and  perhaps  actively  remove  heavy  metals  from  treated  or  coated  surfaces.  The 
concentration  of  toxic  metals  in  bacterial  films  on  detrltal  material  and  other  solids  which 
are  grazed  by  invertebrate  animals,  could  serve  as  a  means  by  which  undesirable  levels  of 
these  metals  could  be  Introduced  in  the  marine  food  chains. 
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Table  1 

ah v tic  Pseudoswnes  species  Isolated  from  sea  water 


Culture 


Source 


X  of  viable  bacteria* 


4b  Slides,  submerged  2  days  In  the  sea  from 

SIO  pier  80 

T6c  Slides,  subnerged  2  days  In  the  sea  from 

the  Navy  Tower  at  San  Diego  90 

Ma71b  Slides,  subnerged  2  days  In  a  10  gal.  carboy 

of  sea  water  fron  Sandy  Hook,  N.  J.  65 

Ma  8  Slides,  subnerged  3  days  In  marine  aquarium  86 

Ms  13  Slides,  subnerged  1  day  In  marine  aquarium  60 

6b  Slides,  subnerged  2  days  in  two  llte  beaker 

of  sea  water,  Daytona  Beach,  Florida  60 

103  Sea  water  sample,  collected  fron  the  south 

shore  of  Long  Island,  N.  Y.  50 


*  Twenty-five  percent  of  the  colonies  from  Difco  marine  agar  plates  were 
Isolated  and  characterised.  The  other  bacteria  that  formed  colonies 
were  mainly  Flavobacterlun  and  Achronobactar  species. 


Tabic  2 


Attachment  of  pcrlphvtlc  bacteria  to  elide*  tubmerged  In 
artificial  etc  water  containing  0.003t  veaat  extract 


Culture 

n 

Bacterial  count/cm 

25 

hrs 

68  hr* 

Mlcroccoplc 

xlO5 

xlO* 

Mlcroicoplc 

xlO5 

Viable 

xlO4 

T6c 

0.09 

0 

6.10 

0 

6b 

5.40 

3.56 

1.10 

2.52 

Ma71b 

0.16 

0.02 

19.73 

0.91 

Me  8 

3.66 

0.'3 

6.48 

4.34 

Ma  13 

0.15 

1.4 

0.21 

0.42 

103 

1.76 

13.10 

2.70 

1.68 

C.  halobacteroidea  0.09 

nd  * 

0.19 

nd 

5.  trandla 

0.09 

nd 

0.14 

nd 

*  nd  *  not 

determined. 

Table  3 

Some  propertlee  of  crude,  carbohydrate  polvanlone  from  pcrlphvtlc  bacteria* 


1.  Yield,  mg/ml  culture 

2.  Mequlv./lOO  mg 

3.  Time,  hydrolyele  (hr*) 

4.  Reducing  augar  eg /mg 
3.  Alclan  Blue  complexed, 

■S/mg 

6.  Molar  ratio 
Hexoae:uronlc  acid 

a.  crude  product 

b.  CTAB  precipitation 

7.  Precipitation  with  CuSO^ 


Toe 

Ma71b 

Ma8 

MalS 

1.30 

0.13 

0.21 

0.11 

0.16 

0.35 

0.41 

0.06 

1.0 

0.5 

2.0 

1.0 

0.89 

0.80 

0.62 

0.87 

2.1 

1.1 

1.1 

1.3 

1:1 

1:3 

3:1 

2:1 

1:1 

1:3 

2:1 

2:1 

+ 

nd 

+ 

nd 

S'o 

103 

Cmilo 

Sapro 

0.13 

0.13 

0.21 

0.34 

0.24 

0.10 

0.12 

0.23 

1.0 

2.5 

2.0 

2.5 

0.97 

0.68 

0.77 

0.69 

1.5 

2.8 

2.0 

1.9 

2:1 

5:1 

6:1 

10:1 

2:1 

4:1 

2:1 

6:1 

nd 

♦ 

+ 

nd 

*  Caulo,  Caulobactcr  ha lobacterolde*:  Sapro,  Saproiolra  trandl*: 
CTAB,  cationic  detergent  hexadecyltrlmathylammonlum  bfomlde, 
nd,  not  determined. 
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Figure  1.  Time-course  attachment  of  bacteria 
to  sterile  glass  slides, submerged  in  the  sea 
at  SIO. 


Figure  2.  Growth  and  attachment  of  Ha8  to 
glass  slides  submerged  in  artificial  sea 
water  containing  0.005*(v/v)  yeast  extract. 


Figure  3.  Elution  of  polyanions  from  DEAF, 
cellulose  columns  (2x9  cm)  with  50  ml  volumes 
of  A.  Distilled  water, B.0.01N  NaOH.C.  0.05N 
NaOH,  D.  0.1N  NaOH  ar.d  E.C.5N  NaOH.  Five  ml 
fractions  were  analysed  for  Ant hr one  carbo¬ 
hydrate  (Hexose)  and  Carbatole  Uronic  acid. 


\ 
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viamtC  coumt/im  cut  t  oat  • 


Discussion 


Question:  We  have  obse  ad  that  old  bacteria  produce  both  extracellular  capsular  material 
and  polymers  by  leakage  of  Intracellular  material,  but  we  have  not  determined  which  one 
was  more  important  in  the  attachment  of  the  bacteria  to  the  surface.  Do  you  have  any 
thoughts  on  that? 

Corps:  I  think  that  the  polymers  probably  are  complexed  with  other  materials  at  the  cell 

surface,  partj cularly  with  proteins.  This  raises  the  question  as  to  the  nature  of  the 
specific  material  that  is  concerned  with  the  adhesion  process.  I  would  not  necessarily 
assign  this  to  these  acid  polymers,  but  I  think  that  they  must  be  Involved  in  some  way, 
if  not  in  primary  attachment,  then  maybe  in  the  adhesion  of  other  materials  to  the  surfaces. 

Question:  I  think  that  the  notable  discrepancy  between  the  viable  and  total  counts  is  a 
major  and  horrible  problem  of  marine  bacteriology.  Did  you  try  variable  culture  media  in 
obtaining  your  viable  counts?  Can  you  reduce  this  enormous  discrepancy? 

Corpo:  We  did  try  some  other  media,  but  we  did  not  spend  too  much  time  on  this  because  the 

success  of  other  people  has  not  been  very  encouraging.  In  our  counts  we  probably  estimated 
numbers  of  pseudomonads  and  other  common  organotrophes ,  whereas  the  caulobacters, 
saprospiras  and  hyphomicrobia  do  not  grow  on  the  medium  employed.  Use  of  selective 
media  gave  an  estimate  of  some  of  these  fastidious  forms,  but  the  numbers  observed  still 
did  not  approach  those  obtained  by  total  count  procedures. 

Question:  Did  you  test  for  any  sulfate  in  the  neutral  polysaccharides?  Are  they  sulfated 

or  not? 

Corpe:  Yes,  sulfate  is  present.  Those  fractions  eluted  from  columns  with  0.5N  NaOH 

that  were  found  to  contain  sulfate  did  not  have  much  uronic  acid. 


609 


Role  of  Surface  Chemical  Compoaition  on  the  Microbial 
Contribution  to  Primary  Films 

Gary  E.  Sechler 
and  K.  Gundersen 
Department  of  Microbiology 
University  of  Hawaii 
Honolulu,  Hawaii  96822 

Primary  films  forming  on  a  variety  of  commercially  Important  materials 
were  assayed  for  bacteria,  diatoms  and  extraneous  particulate  matter  for 
extended  periods.  Total  counts  per  unit  area  from  opaque  materials  were 
made  using  a  new  plastic  layering  technique  which  allowed  for  quantita¬ 
tive  reisoval  of  the  entire  primary  film  In  situ.  This  provided  a  natural 
microscopic  view  of  all  biotic  and  abiotic  constituents  in  the  microcosm. 

Total  microscopic  counts  showed  bacterial  and  diatom  growth  occurring 
in  nonrandomly  distributed  mlcrocolonles  over  the  surfaces;  surfaces 
Included  stainless  steel,  aluminum,  phosphor-bronze,  glass.  Monel  and 
"plexiglass".  Although  significant  bacterial  growth  appeared  after  1  day 
of  immersion,  diatoms  showed  little  tendency  toward  active  growth  until 
approximately  5  days.  Similar  delays  In  diatom  growth  were  seen  using  an 
assay  method  based  cn  placing  porous  Teflon  membranes  over  various  test 
surfaces. 

Viable  bacterial  counts  on  aluminum ,  wood,  zinc,  "plexiglass"  and 
steel  showed  significant  differences  at  respective  time  Intervals  during 
the  first  IS  days  of  immersion.  Populations  from  metals  generally  pro¬ 
portioned  galvanic  activity,  and  metals  also  attracted  a  more  heterogene¬ 
ous  population.  Conversely,  the  non-metals  appeared  to  attract  a  more 
stable  bacterial  microcommunity  from  the  onset  of  immersion.  Almost  all 
varieties  were  subsequently  lost  within  the  first  day  of  immersion, 
while  a  select  few  "took  over"  the  microcosm  with  prolific  growth.  Of 
the  52  tentative  species  Isolated  from  all  materials  tested,  70-75t 
appeared  as  transients.  No  Isolate  was  found  to  persist  during  42  days 
of  continuous  immersion  and  there  was  no  evidence  of  surface  selection 
by  any  isolate.  All  Isolates  were  found  to  be  comaon  heterotrophs . 

The  results  suggest  that  bacteria  may  sorb  to  metals  at  rates 
proportionating  that  which  nutrients  sorb,  a  condition  predicated  by 
relative  galvanic  activity.  Sorption  and  colonization  of  non-metals  in 
this  study  depended  strongly  upon  surface  electrical  nature,  polarity 
and  toxicity.  All  Immersed  materials  attracted  a  similar  bacterial 
microflora,  although  the  pattern  of  occurrence  varied,  according  to 
surface  chemical  nature. 

Key  Words:  Bacteria;  diatoms;  sorption;  surfaces;  primary  films; 
metals;  non-metals;  galvanic  activity. 


1.  Introduction 

Transparent  materials  have  classically  served  as  typical  surfaces  for  situ  micro¬ 
scopic  studies  to  determine  microbial  growth  rates,  sorption  phenomena  and  qualitative  analyses 
of  primsry  films  (1,2,3).  Although  chemical  differences  may  be  quite  extreme,  opaque 
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material*  appear  to  have  been  generally  paaaed  by  at  the  comparative  microbial  level  during 
primary  film  formation.  The  acannlng  electron  microacope  (SEM)  used  auccetafully  in 
laboratory  atudiea  may  find  only  limited  application  in  atudylng  surface  film  microbiota 
from  field  experiment!;  lack  of  mobility  and  time  factors  in  processing  would  necessarily 
limit  routine  uae. 

The  goal  of  the  current  investigation  waa  to  devise  a  simple  method  which  could  be  used 
routinely  for  large-scale  comparative  studies  on  primary  films  regardless  of  test  surface 
opacity.  With  aupportlng  cultural  evidence  from  the  same  materials,  considerable  insight 
could  be  gained  on  the  qualitative  and  quantitative  aspects  of  surface  microbiological  devel¬ 
opment  . 

The  comparative  responaes  of  a  large  number  of  common  structural  materials  to  blofoullng 
in  the  sea  have  been  given  considerable  attention  (4,5,6).  It  la  noteworthy  that  primary 
films,  established  as  at  least  a  prime  determinant  in  generalized  mlcrofoullng  (7),  have  not 
been  attacked  as  vigorously  as  have  the  eventual  products  of  unchecked  blofoullng. 

2.  Materials  and  Methoda 

This  investigation  was  designed  to  search  out  basic  data  on  materials'  Influence  on 
primary  film  formation  in  the  sea.  The  test  site  selected  was  Kaneohe  Bay,  Oahu,  Hawaii,  a 
reasonably  stable  turine  estuary.  Another  worker  (8)  previously  found  physical  and  chemical 
environmental  factors  in  the  bay  essentially  nil  during  the  summer  months,  the  time  period 
selected  for  these  studies.  The  only  significant  variable  was  therefore  the  test  surfaces 
themselves,  which  were  alwsys  Immersed  concomitantly  during  a  field  series. 

75  «  25  mm  test  surfaces  of  glass,  plexiglass,  stainless  steel  304,  aluminum  5052, 

Monel  and  phosphor-bronze  (A)  were  thoroughly  cleaned,  sterilized  and  Immersed  in  replicate 
in  glass  racks  st  a  3m  depth.  At  21  intervals  ranging  from  1  to  120  days,  replicate  panels 
were  taken  from  the  sea,  rinsed,  dried  and  processed  to  remove  the  entire  surface  eplllthlc 
layer  intact.  This  was  done  by  immersing  test  panels  into  a  10Z  solution  of  Parlodlon 
(nitrocellulose),  draining,  drying  in  air,  excising  a  portion  of  the  film  and  stripping  it 
away  from  the  surface  (9).  The  film  was  then  stained  in  crystal  violet  and  permanently 
mounted  for  microscopy.  All  possible  biotic  constituents  were  then  noted  and  counts  per 
unit  area  were  made  on  all  bacteria,  diatoms  and  extraneous  particles. 

Prior  to  conducting  the  Parlodlon  filming  experiments  Teflon  membranes  with  5  pm  pores 
were  fixed  tightly  over  a  variety  of  metal  and  non-metal  surfaces.  Experiments  had  pre¬ 
viously  shown  thst  metsl  ions  freely  diffused  through  the  membrane  pores,  and  that  the  test 
surfaces  could  presumably  select  for  microorganisms.  To  sssay,  the  test  surfaces  were  wlth- 
drswn  from  the  water  at  1  and  4  days,  rinsed,  excised,  stained  and  mounted.  The  membranes 
were  then  examined  to  quantitate  and  study  morphologically  the  organisms  sorbing  to 
Teflon. 

Viable  bacterial  counts  and  identifications  were  also  made  in  a  supporting  study  from 
panels  of  aluminum,  galvanized  steel,  mild  steel,  "plexiglass"  and  wood.  These  surfaces 
were  marked  off  in  smaller  areas  of  standard  size,  sterilized  and  Immersed  at  the  test  site. 
Assay  was  done  by  a  swabbing — millipore  filtration—  culturatlon  method  over  periods  ranging 
from  1  hour  to  42  days. 


3.  Results 

The  Parlodlon  filming  technique  quantitatively  removed  all  biotic  material  from  test 
surfaces,  even  including  very  young  barnacles.  All  biological  components  were  easily  dls- 
cernable,  including  bacteria,  diatoms,  yeasts,  filamentous  algae,  fungi,  protozoa  and  small 
invertebrates. 

Total  bacterial  surface  populations  Increased  at  a  generally  logarithmic  rate  until 
approximately  4-5  dsya  (Figure  1).  This  was  followed  by  a  fairly  stable  population  platesu, 
which  persisted  until  termination  of  sampling  at  120  daya.  Note  that  this  general  response 
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dues  not  exclude  phosphor-bronze,  which  is  generally  toxic  to  most  Microorganisms.  In  addi¬ 
tion,  surface  bacterial  populations  did  not  distribute  evenly,  but  rather  as  steadily-growing 
microcolonies  In  large  patches.  This  pattern  of  surface  bacterial  growth  has  been  studied 
In  situ  on  glass  slides  by  other  workers  (1)  . 

Considerable  variability  in  average  numbers  of  organisms  per  microcolony  from  each  sur¬ 
face  was  common  at  most  all  sampling  intervals.  Figure  2  denotes  a  roughly  harmonic  growth 
pattern,  including  periodic  increases  and  decreases  approximately  every  10-20  days.  Since 
Figure  1  showed  a  population  plateau  on  essentially  all  materials  from  10  days,  the  growth 
dynamics  seen  here  indicate  that  much  of  the  population  would  necesaarlly  be  dying  concomi¬ 
tantly  with  the  active  proliferation.  Mote  that  the  most  galvanically-actlve  metal  here, 
aluminum,  has  generated  extremely  large  colonies  by  day  5. 

Diatom  populations  (Figure  3)  reached  maxima  at  approximately  7-9  days  and  were  about 
10-1  per  cm2  less  than  the  maximum  bacterial  densities  attained.  Growth  also  occurred  at  a 
generally  slower  rate  than  the  bacteria.  After  16  days  all  materials  responded  homogeneously 
in  regard  to  total  cell  densities. 

Figure  A  shows  that  the  diatom  proliferation  is  also  generally  harmonic  except  that  the 
periods  are  apparently  shorter  as  compared  to  the  bacteria.  Morphological  examination  at 
almost  every  sampling  interval  revealed  a  new  diatom  succession.  Since  active  growth  ex¬ 
tended  over  the  entire  sampling  period  while  total  populations  remained  essentially  stable, 
the  diatom  mlcrocommunlty  must  be  considered  in  a  dynamic  flux  developmentally. 

Counts  on  particulate  organic  matter  consistently  showed  the  greatest  homogeneity 
from  surface  to  surface.  Highest  particle  densities  were  10~1  per  cm 2  less  than  the  diatom 
populations . 

Results  on  total  counts  using  the  Farlodion  filming  technique  suggest  that  there  may  be 
a  relationship  between  diatom  population  death  and  subsequent  bacterial  proliferation  and 
vice  versa.  In  this  regard,  a  considerable  number  of  diatoms  were  seen  on  Teflon  in  various 
stages  of  decomposition  with  closely-associated  bacterial  microcolonies. 

Studies  on  viable  bacterial  populations  showed  a  somewhat  different  response  In  regard 
to  population  development.  In  Figure  5  populations  developed  at  rates  characteristic  of 
each  test  material.  On  the  average,  the  viable  cell  density  maximum  was  about  10“ 1  per  cm2 
lower  than  total  counts  on  Parlodion  mounts.  Note  that  before  20  days  population  maxima  on 
the  metals  are  directly  proportional  to  relative  position  in  the  galvanic  series. 

Plexiglass  showed  an  intermediate  population  response  through  the  A2-day  Immersion 
period.  Highest  rate  of  cellular  increase  to  equally  significantly  high  populations,  how¬ 
ever,  vas  on  wood  panels.  Subsequent  tests  later  showed  that  none  of  the  resident  species  of 
bacteria  Isolated  from  wood  were  obllgately  cellulolytic  but  rather  common  heterotrophs. 

All  52  isolates  representing  all  five  surfaces  were  found  to  be  heterotrophic.  None  per¬ 
sisted  through  the  entire  A2  day  Immersion  period  and  less  than  30Z  were  considered  stable, 
adjusted  members  while  the  balance  were  likely  transients.  There  was,  in  addition,  no  sur¬ 
face  selection  or  specific  sensitivity  to  any  of  the  five  test  materials, 

A  surprisingly  similar  response  by  all  surfaces  was  found  by  plotting  numbers  of  iso¬ 
lates  present  on  each  surface  versus  immersion  time  (Figure  6).  In  general,  maximum  numbers 
of  species  on  any  surface  were  found  during  the  first  day  of  immersion.  By  the  second  day, 
less  than  half  the  original  number  of  Isolates  was  present;  this  number  generally  stablllized 
until  about  30  days,  followed  by  only  a  slight  decrease.  Note  that  zinc,  aluminum  and  steel 
again  appear  in  perfect  galvanic  order  according  to  maximum  numbers  of  isolates  recovered. 

Reconsidering  the  viable  bacterial  growth  curve  (Figure  5),  it  Is  obvious  that  the 
maximum  numbers  of  bacterial  species  correlate  with  the  lowest  population  levels.  Conversely, 
the  highest  populations  were  reached  when  the  number  of  varieties  dropped  steeply,  suggest¬ 
ing  a  rapid  "take  over"  by  the  most  competitive  species.  The  nonmetals,  wood  and  plexiglass, 
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•orbed  such  fewer  varieti.ee  than  did  the  metals,  yet  retained  approximately  comparable  n um¬ 
ber  ■  of  species. 

4.  Summary 

In  summary,  surface  chemical  composition  appears  to  influence  the  microbial  contribution 
to  primary  films  markedly  during  the  first  2-3  days  with  regard  to  total  populations  and 
mmibers  of  potential  genera  sorbing.  Since  bacteria  in  the  sea  generally  carry  a  net  negative 
surface  charge,  the  most  important  effect  from  materials  lmswrsed  in  the  sea  must  necessarily 
be  surface  electrical  nature.  Zinc,  aluminum  and  steel  should  therefore  repel  bacteria  elec¬ 
trostatically  during  the  first  few  minutes  or  hours  of  testers  ion.  Evidence  suggests  that 
these  metals  may  sorb  organic  matter  at  rates  proportional  to  their  relative  electronegati¬ 
vity.  This  abundance  of  concentrated  nutrient  must  subsequently  attract  a  markedly 
heterogeneous  bacterial  population.  Highly  competitive  species  soon  dominate  the  microcosm, 
proliferating  at  maximum  rates  until  depletion  of  space  or  nutrient  limits  population  expan¬ 
sion  further. 

Organic  matter  suy  actively  sorb  to  many  nometal  surfaces,  such  as  glass,  and  passively 
to  _ncharked  polymers  such  as  "plexiglass".  Because  of  its  high  polarity  and  hence  great 
■ttabillty,wood  would  be  conducive  to  direct  attachment  by  microorganisms. 

When  bacterial  populations  reach  the  "stable"  state,  the  data  has  shown  that  there  is 
a  consistentlydynamlc  flux  of  cellular  material  building  and  decomposing  concomitantly.  Con¬ 
siderable  metabolic  residue  and  slime  material  would  then  accumulate  and  enmesh  all  the 
•orbed  organisms.  Cytolyic  products  from  organisms  and  organic  matter  from  the  environment 
would  also  fortify  the  slime  nutritionally. 

Sorbed,  but  non-developing  diatoms  would  now  have  the  opportunity  to  proliferate 
freely  in  the  enriched,  abundant  substrate,  and  other  diatoms  contacting  the  surface  would 
likely  find  conditions  favorable.  After  diatom  generation  and  subsequent  cell  turnover, 
the  biomass  would  increase  markedly,  attracting  both  sessile  and  grazing  Invertebrates  , 
Passively  enmeshing  algae  spores  and  Invertebrate  larvae  would  likely  find  the  developing 
microcosm  secure  and  bountiful.  And  with  the  maturation  of  these  forms,  terminal  blofoul- 
ing  is  a  vivid  reality. 
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The  P.ole  of  Chenotactlc  Responses  In 
Primary  Microbial  Film  Formation 


L.v.  Younp  and  Ralph  Mitchell 

Harvard  1'nlveralty 
Cambridge,  Maaa.  02138 


Isolated  strains  of  motile  marine  bacteria  have  been 
observed  to  exhibit  positive  chemotaxls  toward  favorable  com¬ 
pounds  and  negative  chemotaxls  avay  from  unfavorable  compounds. 

Using  a  microcapillary  method,  positive  chenotactlc  compounds 
enhanced  the  rate  of  attachment  and  the  total  number  of  bacteria 
which  Irreversibly  affixed  to  artificial  surfaces.  Compounds 
which  elicited  a  neutral  response  did  not  enhance  attachment. 

Toxic  organic  and  Inorganic  compounds,  such  as  chloroform  and 
CuSO^  caused  negative  chemotaxls.  The  bacterial  cells  actively 
stayed  away  from  regions  of  toxic  concentrations.  The  negative 
chenotactlc  response  was  not  uniform.  All  bacterial  Isolates 
tested  were  repelled  hy  toxic  compounds.  However,  the  concentra¬ 
tion  required  was  different  for  each  bacterium.  The  Incorpora¬ 
tion  of  a  favorable  compound  toward  which  the  bacterium  normally 
moves  did  not  alter  the  negative  chemotaxls.  The  numbers  observed 
were  not  a  result  of  simple  mortality  since  at  non-lethal  concentra¬ 
tion?  negative  chemotaxls  was  still  exhibited.  These  observations 
suggest  that  positive  chemotaxls  plays  a  role  In  the  attachment  of 
the  primary  bacterial  film  to  surfaces  and  negative  chemotaxls 
functions  In  the  prevention  of  bacterial  film  formation. 

Key  Itorda:  Chemotaxls;  attachment;  microbial 

fouling;  primary  film. 


1.  Introduction 

The  development  of  microbial  populations  on  surfaces  Is  a  widespread  phenomenon  found 
In  natural  waters.  In  lakes,  streams  and  oceans,  microbial  populations  can  be  found  In 
association  vlth  both  animats  and  Inanimate  surfaces.  The  heavy  slime  layer  produced  by 
microorganisms  contribute  to  such  problems  as  Increased  frictional  resistance,  anaerobic 
conditions  and  corrosion  In  freshwater  and  seawater  transport  systems.  The  functioning 
of  Instrumentation  can  be  Impaired  as  well.  In  seawater,  the  microbial  population  on  sur¬ 
faces  creates  an  additional  problem  by  producing  the  primary  film  which  la  generally  thought 
to  be  a  prerequisite  for  the  attachment  and  metamorphosis  of  fouling  animals. 

The  early  studies  on  the  attachment  of  marine  hacterla  to  surfaces  has  been  undertaken 
extensively  by  Zobell  (1,2).  He  clearly  demonstrated  that  surfaces  In  seawater  are  a  region 
of  bacterial  concentration.  More  recently,  Corpe  (3)  showed  that  a  marine  pseudomonad  with 
a  propensity  to  attach  to  surfaces,  does  so  by  production  of  copious  amounts  of  extracellular 
polysaccharide.  The  mechanism  by  which  bacterls  initially  attach  to  surfaces  has  been 
elucidated  by  Marshall,  et  al.  (1).  Investigations  by  both  Zohsll  (2)  and  ?tarshall,  at  al. 
(4)  auggest  that  In  a  low  nutrient  environment  a  surface  provides  an  area  of  nutrient  con¬ 
centration.  Since  bacteria  concentrate  In  these  regions,  the  Implication,  therefore.  Is 
that  the  organisms  can  detect  these  nutrients. 

The  study  of  bacterial  chemotaxls,  the  detection  of  chemicals  by  bacteria,  has  been 
under  Investigation  recently  by  Adler  (5,6).  His  work  provides  us  with  a  methodology  by 
which  we  can  investigate  whether  chemical  attraction  or  repulsion  can  Influence  the  attach¬ 
ment  of  bacteria  to  surfaces. 


Materials  and  Methods 


Ortanlama:  Four  marine  pseudomonads  wort  used  In  this  Investigation.  GA  and  P2 
Isolated  f roei  a  glass  surface  In  seawater;  R3  obtained  from  Dr.  K.C.  Marshall.  University 
of  Tasmania;  and  MAV  obtained  frost  Dr.  S.  Fogal,  Process  Research.  Cambridge,  Masaachusetta. 
All  four  bacterial  strains  vers  haterotrophlc ,  facultatively  anaerobic,  obllgately  marine, 
short  rods  with  a  polar  flagellum.  They  differed  In  their  colony  morphology,  pigmentation, 
and  cheoo tactic  patterns. 

Assay  for  Chamotaxls i  Cultures  were  grown  In  sea  vs  ter  nutrient  broth  for  10  to  12 
houra  and  harvested  by  centrifugation.  After  washing  In  artificial  seawater,  the  cella 
were  centrifuged  and  rasuspended  In  artificial  aeawatar  to  a  concentration  of  -106/ml. 

The  method  for  the  chamotaxls  assays  was  modified  from  Adler  (6).  The  compound  to  be 
tested  was  held  In  a  5  ul  mlcrocaplllary  sealed  at  one  end.  The  open  end  was  Inserted 
Into  an  active  auspenslon  of  bacteria  In  a  chamber  consisting  of  a  capillary  u-tube  on  a 
glass  slide  and  supporting  a  cover slip.  After  10  -  IS  nln.  the  contents  of  the  capillary 
were  assayed  by  serial  dilution  In  artificial  seawater  and  plats  counts  on  seawstsr 
nutrient  agar. 

Chemicals:  All  the  compounds  used  In  the  positive  chamotaxls  assays  wars  diluted  In 
artificial  seawater.  For  the  negative  chamotaxls  assays,  the  compounds  wars  suspended  In 
artificial  seawater  nutrient  broth. 


2.  Results 

The  four  marina  Isolates  used  for  the  attachment  experiments  were  subjected  to  a 
chemotactlc  aaaay  toward  a  series  of  simple  carbohydrates.  Under  the  influence  of  a 
positive  stimulus  such  as  seawater  nutrient  broth,  bacteria  In  the  bulk  solution  concentram 
In  and  around  the  capillary  mouth  (Fig.  1).  As  Indicated  In  Table  1,  each  Isolate  displays 
a  unique  chemotactlc  pattern  toward  the  compounds.  Seawater  nutrient  broth  provided  a 
poaltlva  control  since  all  four  Isolates  were  strongly  attracted  to  It.  An  artificial 
seawater  control  was  used  to  Indicate  the  number  of  bacteria  which  entered  the  capillary 
by  random  activity  only.  By  using  this  data  we  could  then  consider  the  question  whether 
attractive  aur faces  possess  enhanced  attachment  of  bacteria. 

Compounds  which  elicited  opposite  chemotactlc  patterns  from  2  different  organisms 
were  selected  for  comparative  attachamnt  tests.  Equivalent  concentrations  of  the  test  com¬ 
pounds  (10~2  to  10' 3  M)  were  fixed  to  glass  slides  which  wars  then  submerged  Into  a 
auspenslon  of  chase  tactically  active  bacteria.  At  timed  Intervals  the  slides  were  removed, 
rinsed  and  the  Irreversibly  attached  bacteria  were  counted.  Illustrative  of  the  results 
obtained  are  seen  In  Figs.  2  and  3.  Approximately  twice  as  many  organism*  designated  R3 
(Fig.  2)  attached  to  surfaces  treated  with  lactose  than  to  those  treated  with  maltose. 

On  the  other  hand,  as  seen  In  Fig.  3,  the  Isolate  MAV  wee  found  to  attach  In  numbers  3- 
fold  higher  on  maltose  treated  surfaces  than  on  lactose  treated  ones.  Referring  back  to 
Table  1,  It  Is  observed  that  their  attachment  preference  correlates  with  their  chemotactlc 
response. 

In  the  same  manner,  the  other  compounds  which  elicited  a  positive  chemotactlc  response 
also  produced  an  anhencad  bacterial  attachment  on  treated  surfaces.  In  all  cases, 
bacterial  attachment  to  untreated  surfaces  and  those  treated  vlth  compounds  producing  a 
neutral  chasutactle  rasponae  provided  the  control. 

We  have  also  observed  that  bacteria  display  a  negative  chemotactlc  behavior  toward 
toxic  organic  and  Inorganic  compounds.  When  a  toxic  compound  Is  combined  with  the  nutrient 
borth,  bacteria  remain  outside  the  capillary  and  avoid  the  area  lmedlately  adjacent  to 
the  capillary  mouth  (Fig.  A).  Often  a  distinct  region  free  of  bacteria  is  observed.  The 
slse  of  the  bacterla-fre*  region  varied  with  the  organism  end  the  concentration  of  toxicant 
uaed.  Of  particular  Importance  Is  the  fact  that  this  negative  chamotaxls  affect  could  be 
observad  at  non-lethal  concentrations. 
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The  affect  of  chloroform  oo  tha  laolata,  04,  la  llluatratad  graphically  In  Fig.  5. 

Tha  lovar  curva  lndlcataa  tha  nuabar  of  bactarla  entering  tha  capillary  aa  a  function  of 
toxicant  concentration.  Ilian  thara  vaa  no  toxicant  praaant  and  only  artificial  aeavater 
nutrient  broth  vaa  placed  In  tha  capillary,  10$  bacterial  calls  Ingres Had.  As  the  con¬ 
centration  of  tha  toxicant  Increased,  the  hacterlal  numbers  aharply  decreased  by  nearly  2 
orders  of  magnitude.  The  top  curva  llluatratea  tha  viability  of  the  organisms  over  the 
concentration  range  tasted.  Tha  highest  concentrations  used  wars  lethal  aa  Indicated  by 
the  drop  In  the  curva.  However,  over  tha  concentration  range  In  which  negative  chemotaxls 
was  found  to  occur,  viability  waa  not  affected.  Under  these  non-lethal  conditions, 
approximately  977  of  tha  bacterial  cella  which  otherwise  would  enter  tha  capillary  ware 
prevented  from  doing  so. 

Figure  6  illustrates  a  corresponding  sat  of  data  for  a  different  bacterial  Isolate, 
MAV,  and  a  different  toxicant,  ethanol.  Again  tha  top  curve  Indicates  that  there  was  no 
lethal  effect  over  the  concentration  range  In  which  negative  chemotaxls  was  observed.  In 
this  case  the  threshold  concentration  which  triggered  the  negative  taxis  response  Is 
clearly  Indicated  on  the  bottom  curve.  The  Inclusion  of  10*4  m  ethanol  along  with  the 
nutrient  broth  In  tha  capillary  again  Inhibited  a  significant  fraction  of  bacteria,  which 
normally  would  enter  the  capillary,  from  doing  so. 

A  total  of  4  hydrocarbon  compounds,  chloroform,  ethanol,  benzene,  and  toluene,  and 
2  heavy  metal  compounds,  lead  and  copper,  were  used  as  toxicants.  The  results  of  their 
effect  on  bacterial  chemotaxls  are  summarized  In  Table  2.  Tha  last  column  of  the  Table 
under  eub-lethal  conditions  shows  that  more  than  90Z  of  the  cells  were  Inhibited  from 
entering  the  capillary.  In  all  but  one  case  more  than  707  of  the  bacteria  which  otherwise 
would  enter  the  favorable  zona  in  the  capillary  were  prevented  from  doing  so.  In  terms 
of  the  overall  effectiveness  of  the  toxic  chemicals,  no  consistent  pattern  appears  to 
emerge.  Of  the  bacteria  tested,  C4,  MAV,  and  F2,  In  general,  displayed  similar  responses 
to  tha  toxic  chemicals  (Table  2).  However,  K3  was  repelled  to  a  leaser  degree  than  the 
other  bacteria.  Only  70  -  807  were  Inhibited  from  entering  the  capillary  by  any  of  the 
chemicals  tested  although  the  concentrations  were  similar.  These  data  suggest  that  P.3 
waa  more  sensitive  than  the  other  Isolates  to  sub-lethal  effects  of  the  toxicants  on 
bacterial  motility. 


3.  Discussion 

Motile  bactarla  appear  to  have  the  ability  to  detect  and  respond  to  both  favorable 
and  unfavorable  compounds.  Their  attachment  to  surfaces  can  be  significantly  enhanced  by 
the  presence  of  an  attractive  material.  This  suggests  that  a  two  step  biological  process 
may  be  Involved  In  bacterial  attachment  to  surfaces:  an  Initial  attraction  to  a  favorable 
vicinity,  tha  surface:  then  a  physiological  adaptation  by  the  organism  to  adhere  Itself 
to  the  surface  aa  deacrlbad  by  Corps  (3),  Marshall,  et  al.  (4),  and  I’lrsch  and  Pankratz 
(7). 


The  negative  chenotactlc  ability  of  motile  bacterial  cells  enables  them  to  move  away 
from  zones  of  toxicity.  This  ability  provides  a  survival  mechanism  not  only  at  lethal 
concentrations  but  at  non-lethal  concentrations  as  wall.  The  organism  can  therefore 
selectively  avoid  potentially  toxic  areas.  The  Incorporation  of  a  food  source  along  with 
the  toxicant  In  the  capillary  did  not  alter  the  negative  response.  It  therefore  appears 
that  negative  taxla  takes  precedence  over  the  positive  response.  This  negative  chemo- 
tactlc  ability  appears  to  provide  a  survival  mechanlsn  for  bacteria  since  a)  non-lethal 
concentrations  of  toxicants  are  detectable,  and  b)  Incorporation  of  a  food  source  did  not 
alter  the  response.  The  evidence,  therefore,  suggests  that  toxicity  Is  not  the  only 
mechanism  operative  In  the  prevention  of  microbial  fouling.  Heavy  metal  paints  currently 
used  for  control  may  also  be  functioning  by  Inhibiting  the  organism's  approach  to  the 
surface. 


This  work  was  supported  In  pert  by  Contract  t  NOOO14-67-A-0298-0026  between  Harvard 
University  and  the  B.S.  Office  of  Naval  Feeearch. 
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Table  l 

Chemo tactic  Patterns  of  Rone  Marine  Pacterta 


Compound 

Bacteria 

R3 

MAV 

MI-1 

G4 

MB 

+4+ 

+4+ 

+4+ 

+44 

ASM 

- 

- 

- 

- 

Maltose 

- 

4+ 

- 

4+ 

Lactose 

4 

- 

4 

- 

Fructose 

- 

- 

4 

4 

Galactose 

++ 

- 

4 

- 

Glucose 

4+ 

+44* 

+ 

4 

Glucosamine 

Table  2 


Negative  Cheno taxis  of  Pour  Marine  Isolates  Toward  Low 
Molecular  Height  Hydrocarbon*  and  Heavy  Metal  Compounds 


Bacteria 

Compound 

Compound 

Absent 

Compound 

Present 

Effective 

Mon-Lethal 

Concentration 

Degree  of 
Neg.  Taxi* 

r.3 

chloroform 

12,500 

3,550 

0.1  X 

72  X 

toluene 

5,000 

1,000 

0.1 

80 

ethanol 

2,500 

500 

0.2 

80 

Cufi04 

5,600 

180 

0.05 

70 

G4 

chloroform 

89,000 

2,240 

0.3 

97.5 

toluene 

18,000 

800 

0.1 

95.6 

ethanol 

80,000 

20,000 

3.0 

75 

benaane 

2 A, 000 

3,160 

0.2 

87 

Pb<N03)2 

17,800 

7,940 

0.001 

56 

P2 

chloroform 

A,  000 

200 

0.5 

95 

toluene 

35,500 

1,100 

0.1 

95 

ethanol 

8,000 

320 

2.0 

96 

beniene 

7,940 

630 

0.2 

92 

Pb(N03)2 

1,780 

225 

0.001 

87 

MAV 

chloroform 

10,000 

1,120 

0.3 

89 

toluene 

32,000 

2,000 

0.5 

93.7 

ethanol 

80,000 

4,200 

3.0 

95 

banaen* 

11,200 

3,150 

0.05 

91 

Pb(N03)2 

17,800 

720 

0.001 

96 

Number  of  bactarla/5  1  capillary. 
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Macuaalon 

Queetlon:  It  aeeaa  quite  Incredible  that  an  organlea  aa  small  aa  a  baeteriua  could  detact  a 
concentration  gradient.  I  wonder  whether,  in  fact,  they  are  reaponding  to  the  preaence 
of  the  aubetance  by  eoee  autoaatlon  In  their  aoveaent,  aa  I  noticed  the  bacteria  aoving 
up  the  tube  In  your  experiment a  eeeaed  to  accumulate  In  the  region  where  there  waa  a 
change  of  concentration.  I  wonder  If  you  have  anything  to  reaark  about  the  aechaniaa 
by  which  they  achieve  thia  cheaotaxia? 

Touna:  Eaaentlally  what  happen!  la  that  the  detection  of  the  attraetant  trlggere  a  reaction 
in  the  baeteriua  cauelng  It  to  change  ita  direction.  Thia  reeulta  in  a  random  motion 
rather  than  a  direct  aoveajnt  froa  point  A  to  point  B  along  the  concentration  gradient. 
Ultimately,  the  bacteria  accuaulate  in  a  region  of  high  concentration  of  attraetant 
becauae  the  aoveaenta  of  the  bacteria  becoae  lncreaaingly  leaa  randoa. 

Queetlon:  I  ehould  like  to  aak  what  initial  eoncentratlona  you  had  lnalde  your  capillary 
tubea,  becauae  if  you  had  a  atrong  enough  aolutlon  In  the  tube  you  night  find  a  negative 
tactic  reeponae  with  anything? 

Touna:  Tee.  If  the  eoncentratlona  are  too  high  It  la  poaalble  to  ahon  a  negative  reaponee. 
The  obaerved  negative  chaaotazla  waa  obtained  with  Initial  eoncentratlona  in  the  capillary 
tube  that  were  aueh  lower  than  thoae  that  would  Inhibit  growth  of  the  organlan. 

Coaaent:  I  object  to  your  propoaal  of  atteaptlng  to  control  roullng  by  applying  aub-lethal 
eoncentratlona  of  toxic  aaterlala  to  aurfacea  to  Induce  a  negative  cheaotaxia.  You  are 
aeaualng  that  all  bacteria  approaching  a  aurface  are  motile.  Many  bacteria  adhering  to 
aurfacea  even  after  one  hour  are  not  eotlle,  particularly  eoee  achroaobactera  and 
flexlbactera. 

Touna i  Tea,  that'e  true.  The  cheaotactlc  reaponee,  of  couree,  la  dependent  on  the  aotlllty 
of  the  bacteria.  Non-aotlle  bacteria  would  not  give  thia  cheaotactlc  reaponee. 

Queetlon:  You  auggeated  that  once  the  bacteria  becoee  attached,  the  attachaent  becaae 
lrreverelble.  An  intereating  experiaent  would  be  to  generate  a  negative  cheaotactlc 
reeponae  at  the  aurface  to  aea  whether  the  bacteria  can  aubaequently  leave  the  aurface. 

Have  you  conaldered  doing  thle? 

Touna:  Our  next  atep  la  to  actually  teat  negatlva  cheaotaxia  in  relation  to  a  aurface. 

•a  have  not  yet  begun  thia  etudy. 
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me**  Into  M^IUory 


Figure  Is  Diagram* tic  representation  of 
positive  chemotaxls  observed 
under  the  microscope. 


Figure  2:  Attaclment  of  Isolate  rj  to 
surfaces  treated  vlth  0.1  ml 
10”*  M  laetoae  and  maltose. 


Figure  3:  Attachment  of  Isolate  *(AV  to 
surfaces  treated  vlth  0.1  ml 
10~Z  M  lactose  and  maltose. 


Figure  A:  Dlarramatlc  representation  of 
negative  chemotaxls  observed 
under  the  microscope. 
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to  Surfaces 


Korin  C,  Marshall 

Department  of  Agricultural  Sclonco 
University  of  Taaaanla 
Hobart,  Taaaanla,  Australia 


Tho  behaviour  of  baetorla  at  solid  aurfacoa  laaorood  in  soawator 
la  conaldorod  la  toraa  of  their  colloidal  and  biological  proportion, 
Tho  sorption  process  Involves  too  distinct  phases;  tho  attraction  of 
a  bacterium  to  a  surface  and  Its  subsequent  firs  adhesion  to  the 
surface.  The  initial  phase  is  shown  to  depend  on  such  factors  as 
chemotactlc  responses,  the  balance  betseen  electrical  double-layer 
repulsion  and  van  dor  Baals  attraction  energies,  and  the  relative 
hydrophoblcity  of  the  bacterial  surface.  Firm  adhesion  to  a  solid 
surface  Is  a  selective  process  and  la  shown  to  be  related  to  the 
production  of  bridging  polymers  by  certain  bacteria.  The  polyaer 
fibrils  serve  to  anchor  the  bacterial  cell  to  the  surface.  This 
anchorage  may  be  disrupted  by  treatnent  with  pyrophosphate  and 
periodate.  Firm  adhesion  to  surfaces  by  many  marine  bacteria  la 
prevented  by  an  inhibitor  of  protein  synthesis  (chloramphenicol). 

Key  Vordsi  Bacteria,  sorption,  solid  surfaces,  electrical 
double-layer,  hydrophoblcity,  bridging  polymers. 


t.  Introduction 

Bacteria  are  the  smallest  and,  In  terms  of  their  ultra-structural  detail,  the  sost  pri¬ 
mitive  of  all  living  cellular  entitles  (1)*,  The  majority  of  bacteria  In  natural  habitats 
are  rod-shaped,  but  spherical  and  spiral  forms  are  often  encountered  along  with  some  rather 
mors  complex  morphological  forms  (2),  Bacteria  range  in  sine  from  about  0.2$  pa 
(aycoplaemas)  to  several  pa  In  length;  the  average  slse  being  about  1.0  pa  In  length  or 
diameter.  As  a  result  of  their  small  slse,  bacteria  suspended  In  an  electrolyte  exhibit 
properties  that  are  characteristic  of  colloidal  systems.  Consequently,  It  Is  possible  to 
consider  their  behaviour  at  a  surface  In  terns  of  classical  colloid  chemistry,  and  an 
Insight  Into  the  mechanism  of  firm  adhesion  of  sarins  bacteria  to  surfaces  has  been  obtained 
from  such  an  approach.  It  must  be  remembered  that  bacteria  are  living  organisms  and,  as 
such,  are  capable  of  growth,  metabolism  and,  In  some  instances,  independent  motion.  The 
results  presented  below  deennstrate  that  these  biological  characteristics  play  an  Important 
rolo  In  the  initial  attraction  of  bacteria  to  surfaces  and  In  the  degree  of  selectivity 
that  Is  evident  In  the  final  adhesion  process. 

2.  The  Attraction  of  a  Bacterium  to  a  Surface 

One  or  sore  factors  may  be  Involved  In  the  attraction  of  marine  bacteria  to  a  solid 
surface  Isaeraed  In  seawater.  The  most  Important  factors  could  be  chemotactlc  responses, 
electrostatic  interactions,  electrical  double-layer  phenomena  and  hydrophobic  effects. 
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Figures  In  parentheses  Indicate  the  literature  references  at  ths  end  of  this  paper. 
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(a)  Chaontayin.  In  a  relatively  dilute  nutrient  environment  as  In  noraal  seawater, 
certain  nutrients  are  concentrated  at  a  solid  surface  and  aotlle  bacteria  say  respond  by 
swisaing  along  the  nutrient  concentration  gradient  toward  that  surface.  This  tactic  res¬ 
ponse  is  the  subject  of  the  preceeding  paper  by  Young  and  Mitchell.  Cheaotaxia  is  of  no 
significance  in  the  case  of  non-aotile  bacteria  colonizing  a  aubmerged  surface. 

(b)  Electrostatic  Interactions.  At  noraal  physiological  pH  values  bacteria  possess 
a  net  negative  surface  charge.  In  soae  species  the  lonogenlc  surface  consists  exclusively 
of  acidic  (carboxyl)  groups,  while  in  other  species  a  heterogeneous  ionogenic  surface  of 
predoainantly  acidic  groups  with  soae  basic  (aaino)  groups  is  found  (3) . 

Most  solid  surfaces  possess  a  negative  charge  and  it  is  unlikely  that  bacteria  would 
be  attracted  to  these  surfaces  by  electrostatic  interactions. 

(c)  Electrical  double-layer  phono sena.  Cations  are  attracted  to  negatively-charged 
surfaces,  while  anions  tend  to  be  excluded.  The  cations  are  not  held  flraly  at  the  surface, 
but  fora  a  diffuse  layer  (the  electrical  double-layer)  near  the  surface.  The  extent  or 
thickness  of  this  diffuse  doublo-layer  (1/E)  is  dependent  upon  both  the  concentration  and 
the  valency  of  the  electrolyte  employed,  With  increasing  concentration  or  valency  of  the 
electrolyte,  the  thlcknees  of  the  electrical  double-layer  decreases.  When  two  negatively- 
charged  bodies  (e.g.  a  solid  surface  and  a  bacterium)  are  in  close  proximity,  their  respect¬ 
ive  cation  double-layers  overlap  and  the  tendency  is  for  a  mutual  repulsion  of  the  bodies 

(■  double-layer  repulsion  energy).  Van  der  teals  attraction  energies  tend  to  counteract 
this  repulsion  effect.  As  shown  in  Fig,  1,  the  extent  of  the  double-layer  repulsion  energy 
varies  with  the  electrolyte  concentration  while  the  extent  of  the  van  der  Waala  attraction 
energy  reeains  constant.  At  low  electrolyte  concentrations  the  resultant  is  a  strong  repul¬ 
sion  energy  adjacent  to  the  surface,  while  at  higher  concentrations  a  secondary  attraction 
trough  occurs  away  from  the  repulsion  energy  barrier  closer  to  the  surfaces.  Bacteria  pro¬ 
bably  are  held  at  this  point  of  attraction  -  a  finite  distance  from  the  solid  surfacs. 

The  results  in  Table  1  clearly  demonstrate  the  effect  of  electrolyte  concentration  and 
valency  on  the  attraction  of  Achromobacter  R8  to  a  glass  surface.  The  bacteria  are  repelled 
at  low  electrolyte  concentrations,  but  are  attracted  at  high  concentrations.  Divalent 
cations  are  more  firmly  held  near  a  surface  and  the  effective  double-layer  thickness  at  a 
particular  concentration  la  less  than  for  monovalent  cations.  Hencs,  rejection  of 
Achromobacter  R8  from  a  glass  surface  occurs  at  lower  electrolyte  concentrations  in  a 
divalent  than  in  a  monovalent  system. 

For  the  interaction  between  glass  and  bacterial  surfaces  in  0.2  M  NaCl  electrolyte, 
the  secondary  attraction  trough  is  at  an  interparticle  distance  of  greater  than  30  A  while 
the  repulsion  energy  barrier  nearer  to  the  surface  is  of  the  order  of  50  x  10~^  ergs  (4). 
Bacteria  held  at  the  point  of  attraction  are  readily  removed  by  their  own  motive  power 
(where  aotlle)  or  by  the  shearing  force  of  a  Jet  of  water  and,  consequently,  this  has  been 
referred  to  as  the  reversible  phase  of  sorption  (4).  Although  motile  bacteria  appear  to 
approach  a  surface  with  considerable  force,  the  kinetic  energy  of  the  aotlle  Pseudo mo naa 
H3  (5.45  x  10-,B  ergs)  is  not  sufficient  to  overcome  the  repulsion  energy  barrier  quoted 
above  (4). 

(d)  Hydrophobic  effects.  The  possibility  exists  that  bacteria  with  a  relatively 
hydrophobic  outer  surface  aay  be  rejected  fros  the  aqueous  phase  at  the  Interface  of  a 
two-phase  system  (air-water,  oil-water  or  solid-water).  Preliminary  studies  with  several 
unusual  freshwater  bacteria  suggested  that  this  mechanise  aay  exist  (3).  As  with  these 
freshwater  bacteria,  the  aarlne  bacterium  SV11  exhibits  a  preferred  orientation  at  air- 
water,  oil-water  and  solid-water  Interfaces.  The  cells  are  always  aligned  perpendicularly 
to  the  interface  (Fig.  2).  Soae  evidence  has  been  obtained  suggesting  that  the  end  of  the 
cell  pointing  into  the  interface  is  relatively  sore  hydrophobic  than  the  reaainder  of  the 
cell  surface.  There  is  no  concentration  of  positively-charged  surface  ionogenic  groups  at 
the  end  of  the  cell  (5).  The  distinct  orientation  of  SW11  cells  at  a  variety  of  Interfaces 
aay  be  the  result  of  a  rejection  of  the  hydrophobic  portion  of  the  cell  from  the  aqueous 
phase.  Initially,  this  phenomenon  represents  another  example  of  reversible  sorption. 

3.  Firm  Adhesion  of  Bacteria  to  Surfaces 

How  does  a  bacterium  eventually  overcome  the  repulsion  energy  barrier  and  become  firmly 
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adhered  to  a  aurfaca?  Displacement  of  a  relatively  large  body  auch  aa  a  bacterlua  by 
Brownian  aotlon  la  not  sufflelant  to  overcome  tha  energy  barrlar,  but  tha  dlaplacaaant  of 
extracellular  polyaarlc  fibrils  produced  by  a  bactarlua  Bay  be  sufficient  for  auch  fibrils 
to  bridge  tha  repulsion  gap  and  anchor  tha  call  to  tha  surface.  In  recant  years  it  has 
bean  shown  that  bacteria  can  be  flocculated  by  anionic  and  non-lonlc  polyaers  as  a  result 
of  bridging  by  tha  polyaers  between  tha  calls  (6,  7).  Corps  (8)  has  reported  tha  production 
of  an  extracellular  acid  polysaccharide  by  primary- file  forming  bacteria,  and  Marshall 
at  al.  (4).,  presented  Indirect  electron  alcroscoplc  evidence  for  the  possible  role  of 
polyaarlc  bridging  In  the  adhesion  process.  More  direct  evidence  for  such  polyaarlc 
bridging  has  been  obtained  with  freshwater  bacteria  by  Marshall  and  Cruickshank  (5),  using 
a  technique  alailar  to  that  eaployed  by  Taylor  (9).  Further  studies  have  now  been  aade 
with  the  aarine  bactarlua  SW11.  Bacteria  were  allowed  to  adhere  to  blocks  of  solid  Spurr's 
embedding  aediua,  which  were  then  thoroughly  washed  with  2,5%  NaCI,  fixed  with  glutaraldehyde 
in  2,5%  NaCl  and  re-eabedded  in  fresh  S purr's  aediua  for  sectioning.  As  shorn  In  Flg.3,  the 
bacteria  are  orientated  at  right-angles  to  the  original  solid-water  Interfile  with  the  end  of 
the  cell  a  short  distance  from  the  original  surface.  The  cells  clearly  are  anchored  to  the 
surface  by  aeana  of  bridging  polymeric  fibrils. 

In  view  of  Corps's  (8)  finding  of  extracellular  acid  polysaccharide  production  by 
aarine  bacteria,  attempts  have  been  aade  to  remove  firmly  adhering  bacteria  fron  surfaces 
by  periodate  treatment.  This  aethod  has  been  successful  with  several  freshwater  bacteria 
(3),  but  periodate  failed  to  remove  a  range  of  aarine  bacteria  froa  surfaces.  Treatment 
with  pyrophosphate  (10)  prior  to  periodate  treataent  resulted  In  the  successful  reaoval  of 
the  aarine  Pseudomonas  strains  R3  and  SW1  aa  well  as  the  aarine  bacterium  SW1 1  (rig.  4). 
Similar  results  have  been  obtained  In  preliminary  teste  on  heterogeneous  bacteria  flraly 
adhering  to  surfaces  froa  natural  seawater. 

An  laportant  consideration  In  any  biological  adhesion  process  is  the  rapid  sorption 
of  proteins  and  other  contaminating  aonolayers  to  surfaces  iaaersed  in  natural  waters  (11). 
Critical  surface  tension  measurements  have  revealed  that  the  wettability  of  surfaces  lmnersed 
In  aarine  bacterial  cultures  Is  drastically  modified  prior  to  bacterial  adhesion  (12).  Such 
changes  in  wettability  aay  be  of  relevance  In  the  sorption  of  the  aore  hydrophobic  portione 
of  those  bacteria  mentioned  above. 

Marshall  al.  (13)  found  that  the  phase  of  firs  or  irreversible  sorption  to  a  surface 
was  a  highly  selective  process.  Many  of  the  bacteria  initially  attracted  to  the  surface 
(reversible  sorption)  did  not  becoae  flraly  adhered  to  the  surface  (Irreversible  sorption). 
Those  bacteria  capable  of  forming  sons  type  of  extracellular  bridging  polyaer  must  have  a 
selective  advantage  In  this  process.  It  has  been  suggested  that  growth  of  the  bacteria  at 
the  surface  was  a  necessary  requirement  for  bridging  to  occur  (4).  Recently,  I  have  shown 
that  the  inhibition  of  protein  synthesis  by  the  antibiotic  chloramphenicol  inhibited  the 
irreversible  sorption  of  several  aarine  Pseudomonas  species  (Pig.  9).  However,  tests  with 
a  freshwater  hyphoaicroblum  and  the  aarine  bacterium  SW11  showed  that  chloramphenicol  and 
streptomycin  did  not  prevent  firm  adhesion,  even  though  streptoaycln  inhibited  growth  of 
the  bacteria.  Apparently,  these  bacteria  had  synthesized  the  appropriate  bridging  polyaers 
prior  to  addition  of  tha  antibiotics.  In  vies  of  this  result,  it  was  surprising  to  find 
that  chloramphenicol  drastically  reduced  the  numbers  of  bacteria  firmly  adhering  to  a  glass 
surface  iamereed  in  seawater  (Fig.  6).  Apparently,  many  of  the  bacteria  in  seawater  are 
not  actively  metabolizing,  but  in  the  vicinity  of  the  higher  nutrient  status  at  the  aurface 
they  aust  begin  to  metabolize  and  form  extracellular  polymers, 

4.  Conclusions 

Based  on  a  concept  of  regarding  a  bacterial  auspenslon  as  a  living  colloidal  system, 
it  has  been  poseible  to  define  some  of  the  mechanisms  Involved  in  the  Initial  attraction 
and  the  subsequent  firm  adheelon  of  aarine  bacteria  to  surfaces  submerged  in  seawater.  A 
knowledge  of  the  biological  role  In  the  adhesion  process  gives  some  insight  into  possible 
means  of  controlling  microbial  film  formation. 
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TABLE  1  -  ATTRACTION  OF  ACHROMOBACTER  R8  AND  THE  APPROXIMATE 
ELECTRICAL  DOUBLE-LAYER  THICKNESS  (1/K)  AT  DIFFERENT  CONCEN¬ 
TRATIONS  OF  UNI-UNIVALENT  AND  DX-DIVALQtT  ELECTROLYTES. 


Electrolyte 

cone.  (M) 

Univalent  (NaCl) 

_ 1/K  (8) _ Bacterla/aa2 _ 

Divalent  (MgSOj,) 

_ 1/K  (X) _ Bacterla/i 

io-’ 

10 

3500 

5 

4100 

10-2 

31 

2280 

15 

3050 

IO’3 

100 

950 

50 

1920 

10** 

310 

0 

150 

810 

10-5 

1000 

0 

500 

0 

mmmnw9 www 


FIO.  1.  Id (all x«d  curves  shoving  the  potential  energy  of  Interaction  (repulsion  or 

attraction)  between  solid  and  bacterial  surfaces  at  los  and  high  electrolyte 
concentrations. 


FIO.  2.  The  orientation  of  the  sarins  bacteriua  Sill  at  an  oil-sater  interface.  Phase- 
contrast  aieroseopy  (2,500  X). 
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FIQ.  5.  Effect  of  chloraaphenicol  added  aftar  0  or  7  hoora  on  tha  aorptlon  of 

EgXgjgltfll  ®3  to  (laaa  aurfacee. 


no.  6.  Iffaet  of  chloraaphanieol  added  at  tlaa  taro  on  tha  aorptlon  of  bactarla  froa  a 

natural  seawater  aaaple. 


Discussion 


Question;  Thin  question  concerns  th*  theoretical  Interpretation  or  this  reversible  phase 
of  adsorption.  You  observe  thst  the  hectsrla  rotate,  but  apparently  about  a  fixed  axis. 
If  thesa  organises  are  really  being  held  a  short  dlstsnco  svay  from  ths  surface,  is  there 
anythlr.f  In  this  Interpretation  which  would  keep  then  fror.  moving  from  point  to  point  on 
ths  surface? 

Marshall;  Our  observations  Indicate  that  ths  bacteria  Just  rotate  around  a  fixed  point. 
It  la  a  little  surprising  that  they  do  not  drift  across  ths  surface,  but  It  Is  difficult 
to  determine  whether  they  are  drifting  or  not.  Certainly,  motile  bacteria  rotating  at 
a  aurfaea  are  able  to  break  away  froa  It  and  costs  back  to  another  point. 

Question;  As  a  non-bacteriologist,  1  aa  curious  to  know  whether  you  have  Investigated 
tha  Interaction  between  charged  bacteria  and  a  potential  controlled  aurfacs,  for  exairole, 
platinum,  where  ws  can  altar  the  charge  froa  positive  to  nesatlveT  The  second  consent 
I'd  like  to  aake  Is  that  the  oxygen  coapoaltlon  of  the  solution  in  which  metals  are 
Immersed  as  substrates  for  adhesion  would  ba  extremely  Important  because  the  freelv 
corroding  or  natural  potential  la  vary  sensitive  to  the  oxygen  concentration. 

Marshall;  I  have  begun  sons  work  with  reversing  charges  on  platinum  electrodes,  but  I  am 
unable  to  provide  any  useful  Information  at  thla  stage.  I  aa  sure  that  by  controlling 
the  charge,  we  sight  be  able  to  acidify  the  behaviour  of  certain  bacteria  at  >hr  nur’uces. 
«  -i-j  point  I  should  like  to  stress  la  that  no  setter  what  surface  we  laaerae  In  seawater. 
It  la  quickly  eontaalnated  by  aonoaolecular  layers  that  have  different  settlor  properties 
and  aaybe  different  charge  properties.  Dr.  Baler  will  have  mors  to  say  about  this  point 
In  hla  paper. 

Question;  Another  say  of  altering  the  charge  and  the  hydrophilic-hydrophobic  naturo  of 
the  surface  Is  by  the  use  of  a  long  chain  cationic  detergent  like  cetyl  aaaonlum  bromide. 
This  should  aake  the  bacterium  adsorb  very  strongly  because  you  then  have  a  positive 
attraction  all  through  the  diffusion  boundary  layer  as  well  as  hydrophobic  attraction 
to  the  surface  of  the  bacterium.  Have  you  tested  such  aaterlals? 

Marshall;  We  have  used  the  surfactant  Tween  80  with  air-water  Interfaces.  This  prevents 
the  specific  perpendicular  orientation  of  flsxlbacter  at  an  alr-sater  Interface,  but 
I  have  not  tried  to  alter  the  charge  relationships  at  such  an  Interface. 

Question;  Tou  said  that  at  low  concentrations  there  should  be  a  repulsion.  What  Is  the 
low  concentration? 

For  a  aonovalent  cation,  ths  critical  concentration  for  coaplete  rejection  of 
the  bacteria  froa  the  surface  le  about  5  x  10"4M.  For  a  divalent  cation,  It  Is  a  lower 
concentration  still,  almost  an  order  of  aagnltude  lower. 

Question;  Can  ycu  verify  It? 

Marshall ;  I'a  not  quite  sure  shat  you  aean  by  verify  It.  We  do  not  get  attachment  below 
these  critical  concentrations,  but  In  natural  fresh  waters  attechaent  Is  observed 
because  the  ionic  concentrations  of  the  waters  are  above  these  'rltlcal  levels. 
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Influence  of  the  Initial  Surface  Condition  of  Material*  on  Bioadhesion 


Robert  E.  Baier 

Cornell  Aeronautical  Laboratory,  Inc. 
of  Cornell  University 
P.  O.  Box  23  5 
Buffalo,  New  York  14221 


The  nature  of  the  event*  occurring  Immediately  after  first 
exposure  of  engineering  or  structural  materials  to  a  marine  environ¬ 
ment  can  be  assessed  by  a  combination  of  surface  chemical  tools. 
These  include  surface -specific  Infrared  spectroscopy  (based  upon 
an  Internal  reflection  technique),  ellipsometry  (based  upon  external 
reflection  of  polarized  monochromatic  rays),  contact  angle  measure¬ 
ments  (leading  to  an  inference  of  the  relative  surface  free  energy  of 
the  material  and  any  acquired  coating),  and  contact  potential  deter¬ 
mination  (reflecting  the  initial  rest  potential  of  any  conductive 
material  and  the  change  in  the  surface  electronic  structure  by 
acquired  organic  films).  The  earliest  phases  of  biological  adhesive 
events  in  saline  media  have  been  shown  to  be  influenced  by  the  sur¬ 
face  chemistry,  the  surface  texture,  and  surface  charge  of  the  solid 
substrates.  The  "critical  surface  tension"  of  the  solid  substrates, 
a  parameter  easily  derived  from  contact  angle  data,  has  been 
correlated  with  adhesion  of  biological  entities  to  organic  and  in¬ 
organic  substrates  in  media  as  diverse  as  blood,  tissue,  the  oral 
and  uterine  cavities,  saliva,  and  sea  water.  In  each  instance,  a 
prerequisite  to  adhesion  of  any  cellular  material  at  these  substrates 
was  the  prior  accumulation  of  a  predominantly  proteinaceous  "con¬ 
ditioning"  film.  Minimum  strengths  of  biological  adhesion  and 
maximal  degrees  of  biocompatibility  are  proposed  to  correlate  most 
strongly  with  an  initial  critical  surface  tension  in  the  range  between 
20  and  30  dynes/cm.  Substrates  with  relative  surface  free  energies 
in  this  range,  although  allowing  accumulation  of  initially  adsorbed 
protein  films,  do  not  appear  to  force  fouling-inducing  denaturation 
of  the  protein  through  significant  changes  in  its  adsorbed  configu¬ 
ration.  With  specific  reference  to  biological  fouling  in  the  maritime 
environment,  early  experiments  suggest  that  the  first  acquired 
modifying  film  on  any  emplaced  foreign  surface  is  a  glycoprotein 
layer.  This  interface  conversion  then  provides  for  strong  bonding 
with  exuded  muco-polysaccha ride  components  from  the  first  arriving 
cellular  species  such  as  those  which  form  primary  bacterial  films. 
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1.  Introduction 

When  biologically  productive  waters  first  contact  a  solid  surface  of  an  engineering  or 
structural  material,  a  sequence  of  events  is  initiated  which  often  ends  in  gross  biological 
fouling  of  that  solid  surface.  This  process  includes  those  many  steps  common  to  the 
normal  life  cycle  of  the  fouling  organisms  and,  although  a  natural  process  of  the  maritime 
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environment,  ia  not  very  often  desired  with  deliberately  emplaced  sea-dwelling  materials. 
We  have  been  attempting  to  define  the  earliest  events  occurring  when  both  organic  and 
inorganic  solids  are  first  contacted  by  a  variety  of  biological  fluids.  We  have  used  simul¬ 
taneously  a  group  of  powerful  surface  chemical  methods  which  allow  the  assessment  of 
changes  at  the  surfaces  of  solid  materials  within  the  first  few  seconds  of  their  initial 
exposure  to  biological  media. 


2.  Experimental  Techniques 

The  methods  used  are  multiple  attenuated  internal  reflection  (MA1R)  infrared  spec¬ 
troscopy  (1),  1  ellipsometry  (2),  critical  surface  tension  determination  (3),  and  contact 
potential  determination  (4)  supplemented  by  more  traditional  surface  characterization 
techniques  such  as  electron  microscopic  inspection  of  the  surface  textures.  MAIR  infrared 
spectroscopy  is  a  relatively  new  optical  technique  available  commercially  only  since  the 
middle  1960's  (5)  which  allows  microscopic  amounts  of  material,  especially  when  present 
in  thin  films  adsorbed  to  solid  surfaces,  to  be  immediately  analyzed  by  the  chemical- 
structure-sensitive  tool  of  infrared  frequency  analysis.  Ellipsometry  is  a  related  optical 
method  known  for  almost  a  century  which  with  modern  computational  methods  (6)  allows  a 
rapid  estimate  of  the  thickness  and  refractive  index  of  adsorbed  films  on  reflecting  solid 
surfaces.  Both  optical  methods  are  nondestructive.  The  critical  surface  tension  of  a 
material  is  derived  from  measurements  of  a  series  of  contact  angles  of  purified  liquids  on 
that  material's  surface.  It  has  been  shown  to  correlate  one-to-one  with  both  the  outermost 
chemical  constitution  of  that  material  and  with  its  relative  surface  free  energy  (7).  Contact 
potential  measurements  allow  some  information  on  the  electrical  asymmetry  across  the 
solid  interface. 


3,  Illustrative  Results  and  Their  Interpretation 

Use  of  such  methods  in  combination  has  shown  that  the  initial  events  in  the  inter¬ 
actions  of  blood  with  a  foreign  surface,  for  example,  are  that  within  the  first  5  seconds 
most  solid  surfaces  become  uniformly  coated  with  strongly  adherent  proteinaceous  films 
having  an  average  thickness  of  about  50  Angstroms  and  having  critical  surface  tensions 
between  35  and  40  dynes/cm  (8).  Extension  of  the  contact  time  of  the  solid  surface  with 
blood  to  60  seconds  allows  a  thickening  of  the  acquired  coating  to  between  100  and  200 
Angstroms  while  maintaining  both  the  predominantly  proteinaceous  identity  of  the  film 
components  and  the  outermost  wettability  typical  of  the  initially  accumulated  film  (8). 
Continuing  times  of  contact  allow  incorporation  of  small  amounts  of  lipids  and  replacement 
or  remodeling  of  the  original  protein  by  other  components  from  the  biological  milieu  (8). 

In  saline  media  where  bacterial  fouling  of  a  solid  surface  is  usually  the  first  dis- 
cernable  microscopic  event  in  the  fouling  chain,  such  as  in  the  oral  cavity  (9)  (rich  in 
saliva)  or  in  biologically  productive  water  (rich  in  microorganism  produced  exudates), 
similar  experiments  show  that  the  first  chemical  event  is  a  modification  of  the  solid  surtace 
by  accumulation  of  a  reasonably  specific  glycoprotein.  This  is  followed  by  accumulation  of 
a  '  volume  phase'  muco-polysaccharide-dominated  adhesive  substance  which  becomes 
anchored  to  the  initially  acquired  "interfacial"  glycoprotein  film  (10). 

Figure  la  and  b  shows  two  spectra  characterizing  the  film  naturally  acquired  on  a 
solid  surface  (of  a  germanium  internal  reflection  prism)  during  the  spontaneous  "sticking 
of  three  mussel  attachment  disks  in  an  artificial  sea  water  culture  (I  1).  Figure  la  shows 
that  the  dominant  composition  of  the  material  was  muco-polysaccharide  in  nature.  1  he 
major  infrared  absorption  bands  at  about  3400  cm*  *,  1650  cm"*  and  1100  cm'*  all  reflect 
the  hydroxylated  polysaccharide  component.  Buried  within  these  major  peaks,  however, 
could  be  evidences  of  minor--but  more  important- -constituents  that  had  been  adsorbed 
previously  or  admixed  with  the  polysaccharide.  Figure  lb  shows  the  spectrum  of  this 
identical  film  on  its  original  surface  after  a  lengthy  distilled  water  rinsing.  Trace  lb 
illustrates  that  the  preponderance  of  the  polysaccharide  material  was  easily  removable  by 
simple  distilled  water  rinsing  but  that  a  remnant,  and  probably  initially  adherent,  glyco- 


*  The  numbers  in  parentheses  refer  to  the  list  of  references  at  the  end  of  this  paper. 
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proteinaceous  film  remains  as  an  extraction- resistant  "conditioning"  layer.  Identification 
of  the  remaining  extraordinarily  thin  film  as  a  glycoprotein  rests  upon  the  modification  of 
the  Infrared  spectral  trace  from  what  has  been  described  in  Figure  la  to  that  illustrated  in 
Fibure  lb.  The  trace  given  in  Figure  lb  has  the  characteristic  protein  absorptions  at 
3300  cm'1,  1650  and  1550  era'*  with  only  a  small  remaining  peak  at  1100  citi'*  character¬ 
istic  of  polysaccharide.  In  both  traces,  Figures  la  and  lb,  it  is  also  to  be  noted  that  some 
hydrocarbon  bands  are  exhibited  at  the  region  centering  around  2900  cm-',  It  can  thus  be 
demonstrated  in  this  simple  example  of  biological  fouling,  as  it  has  been  in  numerous  other 
systems  where  biological  adhesion  occurs  (12),  that  a  thin  proteinaceous  "conditioning" 
film  causes  the  first  modification  of  the  initial  surface  condition  of  any  implanted  substrate. 
It  is  considered  that  this  film  is  an  obligatory  precursor  to  the  adhesion  of  any  formed 
elements  and  to  the  subsequent  buildup  of  a  fouling  mass  of  biological  cells  (13).  In  the 
case  of  specific  interactions  of  blood  at  nonphysiologic  interfaces,  evidence  has  been  pre¬ 
sented  that  the  first  adsorbed  constituent  is  the  abundant  blood  protein,  fibrinogen  (8).  On 
the  other  hand,  in  the  complex  media  of  saliva  (9)  or  of  cervical  mucous  fluid  (14),  it  has 
been  demonstrated  that  the  first  acquired  film  is  of  a  glycoprotein  character  similar  to 
that  found  in  most  maritime  circumstances. 

It  is  only  subsequent  to  the  formation  of  the  adsorbed  protein  "carpet"  that  micro¬ 
scopic  examination  reveals  the  deposition  of  the  densely  populated  interfacial  layers  of 
bacterial  cells  (15),  blood  platelets  (16),  or  somatic  cells  (in  tissue  culture)  (17)  in  a 
variety  of  biologically  adhesive  systems.  It  is  our  current  interpretation  that  Interfacial 
modification  of  any  engineering  or  structural  material  by  initially  adsorbed  protein-dom¬ 
inated  films  is  an  absolute  requirement  for  activation  of  the  chain  of  events  in  the  adjacent 
liquid  volume  which  allows  long  term  anchoring  of  formed  biological  elements  to  solid 
surfaces.  In  those  instances  when  such  emplaced  materials  have  remained  apparently 
fouling -resistant  for  long  periods  of  time,  with  the  exception  of  circumstances  where  out¬ 
right  poisoning  of  organisms  is  occurring  by  leachable  toxic  elements  from  special  paints 
or  coatings,  it  is  not  yet  clear  whether  this  apparent  resistance  is  due  to  detachment  of  the 
initially  adherent  organisms  after  a  period  of  time  or  to  inhibition  of  the  initial  activation 
and  anchoring  process. 


4.  Discussion  and  Conclusions 

With  respect  to  discovering  the  influence  of  the  initial  surface  condition  of  materials 
on  bioadhesion,  it  should  be  made  clear  that  the  following  is  now  the  question  of  overriding 
importance:  How  is  the  influence  of  differing  substrate  surface  properties  transduced  and 
communicated,  to  the  first  discrete  biological  organisms  which  arrive  at  that  surface, 
through  the  initially  adsorbed  predominantly  proteinaceous  conditioning  films? 

We  have  not  discussed  here,  for  the  sake  of  brevity,  the  important  influence  of  these 
interfacial  films  on  water  structure  and  the  reverse  influence  of  adsorbed  water  on  the 
surface  character  of  the  materials  and  the  adsorbed  protein  layers  (18).  Neither  have  we 
discussed  the  benefits  that  will  certainly  derive  from  selection  of  surface  chemical 
"coupling"  agents  for  maritime  surfaces  and  from  attention  to  surface  chemical /physical 
concepts  during  fabrication  of  new  improved  composite  materials  for  maritime  applica¬ 
tion  (19).  Nor  have  we  considered  all  of  those  major  unresolved  questions  of  how  one 
separates  the  broad  term  "surface  properties"  into  the  definitive  specific  details  of  surface 
chemistry,  surface  charge,  and  surface  texture  and  shown  the  nature  of  their  perturbation 
in  real  circumstances  by  unknown  amounts  of  adventitious  contaminants  either  introduced 
during  manufacturing  or  in  actual  deployment  situations  (20). 

We  have  shown,  however,  that  it  is  within  our  technical  capability  at  present  to 
analyze  with  a  great  degree  of  completion  the  composition  and  configuration  of  the  thin 
layers  of  matter  that  intervene  in  the  interactions  of  solid  surfaces  with  biologically  rich 
saline  media.  Elsewhere,  we  have  reported  studies  of  thin  polymeric  films  in  which  their 
conformation  in  solution  was  determined,  their  surface  pressure  vs.  surface  area  and 
surface  potential  vs.  surface  area  relations  as  spread  films  at  air/water  interfaces  char¬ 
acterized,  and  their  optical  thicknesses,  infrared  spectra,  contact  potentials,  and  critical 
surface  tensions,  when  transferred  to  solid  surfaces,  also  determined  (21).  It  is  important 
to  note  that  such  parameters  could  be  supplemented,  without  deterioration  of  the  value  of 
the  techniques  described,  by  additional  physical  measurements  such  as  electron  diffraction 
and  electron  microscopy.  Thus,  a  multipronged  surface  chemical /physical  approach  and. 
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particularly,  a  recording  of  diagnostic  infrared  spectra  for  as-acquired  specimens  of  even 
monomolecular  thickness  allows  a  direct  correlation  between  features  of  the  initial  solid 
substrates  and  the  surface  properties  which  it  subsequently  manifests  through  the  mediation 
of  the  acquired  polymeric  films. 

It  is  our  current  supposition  that  the  initial  common  event  in  the  interaction  of  all 
biologic  elements  with  foreign  surfaces  is  the  rapid  deposition  of  a  strongly  adherent 
protein-dominated  film.  From  electron  microscopic  studies  of  adherent  cells  from 
blood  (16)  or  tissue  origin  (22),  it  is  suggested  that  a  critical  or  perhaps  limiting  thickness 
of  the  adsorbed  films  exists  in  the  neighborhood  of  200  Angstroms  since,  after  that  thick¬ 
ness  is  acquired,  the  first  formed  cellular  elements  are  seen  to  deposit.  The  presence  of 
such  living  species  must  change  the  nature  of  the  adsorption  process  in  their  vicinity.  This 
forces  the  suggestion  that  a  threshold  time  will  exist  for  cellular  adhesion  in  all  circum¬ 
stances,  including  maritime  circumstances,  during  which  period  initially  adsorbed  con¬ 
ditioning  layers  are  acquired.  This  threshold  time  should  generally  be  of  the  order  of  a 
minute  or  two  in  the  most  concentrated  "surrounds"  (such  as  blood  or  saliva)  but  may 
extend  to  many  hours  in  the  very  dilute,  biologically  impoverished  regions  of  the  sea.  It  is 
also  noteworthy  that  the  formed  elements  in  biologically  adhesive  systems  do  not  at  any 
time  entirely  cover  the  solid  surface  (16,  23).  Therefore,  the  fact  that  these  living  cells 
might  prevent  further  deposition  of  proteins  or  other  modifying  polymers  in  some  areas  of 
the  substrate  does  not  eliminate  the  possibility  of  subsequent  fouling  by  the  addition  of  more 
acquired  proteinaceous  layers  in  other  areas  on  that  same  surface. 

5.  Prospects  for  the  Creation  of  Nontoxic  Surfaces 
Resistant  to  Marine  Fouling 

In  a  series  of  fundamental  studies  on  protein  films  adsorbed  to  solid  substrates,  it 
has  been  shown  that  the  proportion  of  native  structure  of  the  adsorbed  macromolecule  never 
reached  100%  except  in  a  minority  of  instances  when  the  relative  surface  energy  of  the 
adsorbing  substrate  was  purposely  allowed  to  be  low  (13,  24),  This  result  has  been  shown 
to  be  reasonably  independent  of  the  makeup  of  the  solutions  from  which  the  adsorption 
occurred,  even  though  it  was  observed  that  low  solution  concentrations  favored  relatively 
lower  proportions  of  native  structure  in  the  adsorbed  films  (24).  These  findings  suggest  a 
potential  mechanism  for  achieving  resistance  of  an  engineering  or  structural  material  to 
fouling  by  biological  entities  in  the  marine  environment.  Since,  as  it  seems  most  likely, 
the  initially  adsorbed  proteinaceous  molecules  are  drastically  modified  in  conformation  and 
reactivity  by  the  process  of  their  two  dimensionalization  from  their  original  three-dimen¬ 
sional  form  in  the  solution  state,  it  is  this  transmutation  of  the  protein  properties  which 
correlates  with  its  providing  the  interfacial  anchor  for  subsequently  arriving  formed 
elements.  Since  the  extent  of  this  potentially  adverse  modification  of  the  initially  adsorbed 
molecules  has  been  shown  to  be  capable  of  diminution  by  the  proper  choice  of  the  surface 
energy  of  the  substrate,  it  is  likely  that  native  conformation  of  the  outermost  layer  of 
adsorbed  molecules  can  be  obtained  on  a  properly  surface-chemically-designed  engineering 
material  so  that  that  layer  is  passive  toward  the  activation  or  accumulation  of  cellular 
elements  arriving  at  that  surface. 

We  have  recently  demonstrated,  along  these  lines,  that  a  strong,  corrosion- resistant 
alloy  of  the  cobalt-chromium  class--when  cleaned  and  polished  according  to  the  best  manu¬ 
facturing  processes--does  not  have  long  term  resistance  to  accumulation  of  cellular 
elements  from  a  very  rich  biological  fluid  (blood)  unless  it  is  first  completely  coated  with 
a  modifying,  adherent,  waxy  layer  whose  apparent  critical  surface  tension  is  in  the  range 
between  20  and  30  dynes/cm  (correlating  with  the  exposure  of  CH3  groups  outermost)  (25). 
This  layer  then  accumulates  a  passivating  proteinaceous  film  essentially  inert  to  arriving 
blood  platelets  which  normally  adhere  and  aggregate  to  cause  massive  thrombus  - -the 
body's  equivalent  to  gross  biological  fouling.  It  has  also  been  shown  that  benefits  of 
selection  of  the  proper  surface  chemistry  of  a  series  of  metals  can  be  overwhelmed  by 
lack  of  similar  attention  to  their  surface  charge  and/or  surface  textures  (26). 
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Olacuaalon 

Ouaatlon:  Do  you  assuae  that  theae  protelna  entirely  diaplaee  the  layera  of  eater  which 
have  wetted  hard  aurfacea  in  the  aea  or  ia  it  only  a  partial  dlaplaceaent? 

Balers  I  aa  willing  to  consider  both  aechanlaaa,  but  ay  working  hypotheala  is  that  the 
protelna  are  essentially  peraanent  and  efficient  Interface  conversion  layers  because  they 
scavenge  water  froa  the  surface(  thereby  creating  that  intiaate  aolecular  contact  between 
theaeelves  and  the  substrate  that  la  necessary  to  fora  a  true  adhesive  bond.  Otherwise, 
one  would  expect  then  to  be  reasonably  labile  and  erode  away  froa  the  surface.  Ve  are 
studying  this  by  checking  on  their  degree  of  lability  by  exchangeability  into  solvents. 

Question!  And  they  are  able  to  displace  water  by  virtue  of  their  lower  surface  energy, 
water  being  about  72  dynes/csT 

Balert  Veil,  that's  questionable  because  adsorbed  water  has  already  lowered  the  critical 
surface  tension  of  the  wet  Betel  substrate.  Its  surface  free-energy  is  in  the  range  of 
about  22  dynea/cB.  It  is  quite  cospllcated  when  you  recognise  that  a  protein  actually 
orders  water  around  Itself  and  the  substrate  also  orders  water  at  its  own  surface.  It 
is  found  that  a  protein  always  spontaneously  accuaulates  on  any  solid  surface  exposed 
to  the  protein  solution.  Consequently,  we  now  have  to  adjust  our  theories  tc  account 
for  observation. 
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Marine  Fungi:  Spore  Dispersal.  Settlement  and  Colonization  of  T1nt>er 

E.B.  Gareth  Jones. 

Department  of  Biological  Sciences.  Portsmouth 
Polytechnic.  Portsmouth,  P01  2DZ,  England. 


This  paper  will  consider  the  spore  dispersal,  settlement  and 
penetration  of  tlnfcer  by  marine  fungi.  It  will  also  consider  briefly 
their  tolerance  of  a  copper-chrome-arsenate  preservative. 

Aspects  considered  under  spore  dispersal  Include:  spore  release 
from  ascl  and  ascocarps,  the  nuiifcer  of  spores  In  sea  water,  their 
distribution  with  depth  and  distance  from  land. 

The  section  on  spore  settlement  will  consider  the  morphology  of 
marine  fungal  spores,  their  settlement  and  germination. 

The  final  section  on  colonisation  will  Include  mode  of  penetration 
of  tlnfcer  and  a  consideration  of  their  cellulolytic  activity  as  measured 
by  weight  loss,  enzymatic  and  strength  tests.  The  paper  will  end  with  a 
brief  discussion  of  their  tolerance  of  a  copper-chrome-arsenate 
preservative  under  laboratory  conditions. 

Key  Words:  Llgnlcolous  marine  fungi;  spore  liberation; 
dispersal;  bltunlcate  ascl;  deliquescing  ascl;  spore 
morphology;  settlement;  attachment;  germination;  bio¬ 
degradation;  preservative  tolerance. 


1.  Introduction 

Llgnlcolous  marine  fungi  were  first  described  by  Barghoom  and  Linder  (1)  and  their 
ability  to  degrade  wood  Is  well  documented  (2).  However,  Ingold  (3)  has  drawn  attention 
to  the  lack  of  Information  on  the  dispersal,  settlement  and  subsequent  attachment  of 
spores  of  marine  fungi.  This  paper  considers  the  Information  available  and  highlights 
aspects  requiring  further  study. 

The  following  stages  In  the  colonization  of  wood  will  be  considered:  spore  release, 
dispersal,  settlement  and  penetration  of  the  mycelium  Into  the  substrate. 

2.  Spore  liberation 


Fungi  Imperfectl. 

Conldla  are  released  passively.  They  merely  separate  or  break  off  from  the 
conldlophores.  These  conldla  may^hellcold  (Zalarion  maritima,  Cirrenalia  macrocephala), 
appendaged  (Orbimyeea  epeotabi Us,  Varieoaporina  ramloea)  or  without  appendages 
( Dendryphiella  aalina,  Asteromyeee  erueiatua)  (See  Figure  1). 

As cony  ce tes . 

Some  90  llgnlcolous  marine  Ascomycetes  have  been  described  (2).  In  this  group,  the 
ascus  Is  usually  the  structure  responsible  for  the  explosive  release  of  the  spores.  Two 
basic  types  of  ascl  are  found  within  the  Ascoiqycetes:  unltunlcate  and  bltunlcate. 


The  nunters  In  parentheses  refer  to  the  list  of  references  at  the  end  of  this  paper. 
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Uni  tunicate  ascl  and  their  as cos pores  are  released  from  the  ascocarps  In  a  variety 
of  ways.  The  most  coirmon  method  Involves  the  active  discharge  of  spores  from  ascl.  The 
ascus  becomes  turgid  as  the  result  of  Increased  osmotic  pressure,  the  wall  Is  stretched, 
and  this  leads  to  the  rupture  of  the  ascus  In  a  definite  way  with  the  resultant  explosive 
release  of  the  ascospores.  Perhaps  It  Is  not  surprising  that  few  marine  Asconycetes  (e.g. 
Chaetoaphaeria  ohaatoea)  release  their  spores  by  this  method.  Presumably  the  Internal 
osmotic  pressure  of  the  ascus  would  have  to  be  very  high  to  absorb  water  from  the 
surrounding  sea  water.  Also  pressure  would  affect  the  success  of  this  method,  especially 
In  deep  water. 

The  second  mechanism  Is  the  passive  discharge  of  ascl  from  ascocarps  and  the 
subsequent  active  release  of  the  spores.  This  method  Is  rarely  found  In  the  marine 
Asconycetes  but  has  been  reported  for  Gnomonia  marina  («). 

Most  of  the  marine  llgnlcolous  Asconycetes  with  unltunlcate  ascl  release  their  spores 
as  follows.  The  ascus  wall  Is  extremely  thin  (5)  and  Is  structurally  quite  different  from 
the  unltunlcate  ascl  of  some  terrestrial  genera  (6).  The  ascus  wall  breaks  down  and 
liberates  the  spores  Into  the  centrum.  When  mature,  the  tip  of  the  neck  opens,  sea  water 
may  enter  the  ascocarp  and  the  mucilage  around  the  spores  or  In  the  centrum  swells.  This 
probably  helps  to  expel  the  spores  up  the  neck  and  out  of  the  ostlole  Into  the 
surrounding  water  (5,  7,  8,  9).  If  the  spores  are  appendaged,  any  mucilage  around  the 
spore  expands  and  gets  dissolved  and  then  the  appendages  stretch  out  (5)  (See  figure  2). 
AmylocarpuB  enoaphaloidea  and  Eiona  tmiaata,  both  clelstotheclal  forms,  have 
deliquescing  ascl  and  appendaged  ascospores.  This  suggests  that  the  deliquescing  ascus 
has  been  evolved  In  the  marine  Ascomycetes  more  th»n  once,  e.g.  In  the  Plectomycetes  and 
Pyrenonycetes.  Ingold  (3)  regards  the  non-explosive  ascl  of  Genea,  Chaatomium  and 
Ceratooystie  as  degenerate.  In  the  sea,  this  seems  an  Ideal  way  of  releasing  ascospores. 
All  that  Is  required  Is  the  release  of  the  spores  from  ascocarps.  An  explosive  mechanism 
Is  of  limited  use  due  to  the  greater  viscosity  of  water  as  compared  with  that  of  air.  It 
Is  therefore  significant  that  no  glycogen  has  been  found  In  the  eplplasm  of  maturing  ascl 
of  Ctrioaporopeia  halima  (5). 

The  bl tunicate  ascus  has  an  active  method  of  spore  discharge  and  Is  well  Illustrated 
In  Laptoaphaaria  diaaore  (10).  The  ascus  wall  consists  of  an  outer  rigid  layer 
(ectoascus)  and  a  very  thin  Inner  extensible  one  (endoascus).  Just  before  discharge  the 
ectoascus  ruptures  aplcally  (sometimes  subaplcally  (11)),  water  Is  absorbed  with  the 
result  that  the  endoascus  elongates  very  rapidly  up  the  neck  of  the  pseudotheclum,  soon 
projects  through  the  ostlole,  bursts,  squirting  Its  ascospores  Into  the  air  or  water. 

The  effectiveness  of  this  method  must  be  very  much  reduced  when  the  fungus  Is  continuously 
submerged,  due  to  the  Increased  viscosity  of  water.  The  observations  made  above 
concerning  the  Internal  osmotic  pressure  of  the  unltunlcate  ascus  and  the  effect  of 
pressure  with  depth,  also  apply  to  the  bltunlcate  ascl.  It  Is  therefore  Interesting  that 
In  a  recent  study  (12)  970  recordings  of  marine  fungi  were  made  on  266  test  panels 
submerged  for  up  to  120  weeks  In  the  sea.  Of  these,  only  12  recordings  were  of  bltunlcate 
species  (Plaoapcra  sp.  (2  recordings),  leptoephaeria  orae-marie  (9)  and  Miorothelia 
maritima  (1)). 

Basldloqycetes. 

The  two  marine  higher  Basldlomycetes  have  appendaged  basldlospores,  lack  sterlgmata, 
and  release  their  spores  passively.  The  resuplnate  Digitatiepora  marina  releases  Its 
spores  directly  Into  the  water.  In  the  Gasteroaycete  Sia  vibriaea,  the  basldia  break 
down  and  the  sporophore  then  contains  thousands  of  basldlospores  Immersed  In  mucilage. 
Spore  release  has  not  been  observed  but  It  Is  probably  by  the  mucilage  expanding  and 
rupturing  the  perl  dial  wall  or  by  the  decay  of  the  perl  dial  wall.  No  spores  have  been 
seen  to  be  released  when  the  sporophores  are  kept  In  air. 
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3.  Dispersal 


There  are  no  figures  available  for  the  nunbers  of  spores  of  llgnlcolous  marine 
fungi  In  known  volumes  of  sea  water.  Both  Kohlmeyer  (13)  and  I  (unpublished)  have 
observed  a  variety  of  spores  in  scums  along  the  sea  shore,  but  even  these  are  poor  in 
species  and  number  compared  to  freshwater  scums.  Mllllpore  filtration  techniques  have 
proved  disappointing.  Large  volumes  of  water  has  to  be  filtered  and  even  then  the  counts 
are  low  (5-8  spores/1  Itre).  However,  Iqbal  (personal  corouni cation)  using  similar 
methods  reports  7,000-8,300  spores  per  litre  from  freshwater  taken  from  the  river  Creedy, 
Devon. 

Large  nunbers  of  Yeasts  and  Phycomycetes  have  been  reported  from  sea  water.  Fell 
(14)  reports  1-513  yeast  cells  per  litre  from  samples  taken  In  the  Indian  Ocean  and 
counts  of  1-5,000  cells  per  litre  from  samples  In  the  Blscayne  Bay  (15).  Gaertner  (16) 
found  that  the  number  of  Ph  joiqycetes  In  sea  water  off  Iceland  was  low  (1.3-12  Infective 
units  per  litre)  but  that  fine  sediments  In  the  German  Bay  were  rich  In  numbers  varying 
from  230-58,700  fungi  per  11tre(17)J1owever,  these  workers  used  specific  Isolating 
techniques.  Plating  out  sea  water  Is  of  limited  use  In  determining  the  number  of 
llgnlcolous  marine  Pyrenotqycetes  present  as  so  few  fruit  under  laboratory  conditions. 
While  some  groups  of  fungi  are  present  In  high  nunbers.  It  Is  surprising  that 
llgnlcolous  fungi  are  so  poorly  represented.  Untreated  timber  placed  In  the  sea  Is  soon 
colonised  by  a  variety  of  species.  It  has  been  shown  (18)  that  llgnlcolous  fungi  must 
be  well  distributed  In  sea  water  for  they  have  been  observed  colonizing  polyurethane 
panels  at  depths  of  437m.  (Table  1). 

4.  Settlement 

Spore  morphology. 

Some  602  of  the  Ascomycetes,  101  Fungi  Imperfectl  and  both  the  marine  Basldiomycetes 
have  appendaged  spores.  It  has  been  suggested  that  these  appendages  a)  help  to  keep 
spores  afloat  by  offering  Increased  resistance  to  settlement;  b)  to  entangle  and  attach 
the  spores  to  suitable  substrates  or  c)  to  catch  unorganised  eddy  diffusion  currents 

(19) .  However,  no  quantitative  experimental  work  has  been  carried  out  to  test  these 
1 deas . 

No  work  has  been  carried  out  to  determine  how  long  a  spore  takes  to  settle  and 
attach  itself  to  a  substrate,  or  how  effective  the  adhesion  Is.  This  Is  Important  as 
spores  have  to  settle  often  In  turbulent  or  fast  moving  waters.  Nothing  Is  known  of 
the  settlement  of  non-appendaged  spores  or  their  settlement  In  relation  to  water 
movement. 

Germination. 

If  spores  are  to  successfully  colonize  wood,  they  must  be  capable  of  rapid 
germination  and  penetration  of  their  substrate.  Spores  have  been  reported  as  germinating 
within  24  hours  of  seeding  agar  plates  (5)  but  (totalled  Information  Is  lacking.  Byrne 

(20)  has  shown  that  temperature  affects  the  germination  rate  of  marine  fungi,  especially 
low  temperature  (Table  2).  Host  of  the  fungi  tested  had  a  high  percentage  germination 
with  the  exception  of  Torpedoepora  radiata.  These  high  germination  rates  may  explain  why 
these  fungi  are  so  successful  In  colonizing  freshly  submerged  timber  In  the  sea. 

5.  Penetration  of  mycelium  Into  wood 

The  ability  of  marine  fungi  to  attack  and  soft  rot  wood  has  been  widely  reported 
(1,  2,  21).  Their  mode  of  attack  and  penetration  Is  Identical  to  that  of  terrestrial 
species  and  well  documented  by  Levy  and  his  coworkers  (22,  23). 
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Some  seventeen  out  of  the  126  llgnlcolous  marine  fungi  known  have  been  shown  to 
soft  rot  wood  under  laboratory  conditions  (2).  Corollospora  maritima  brings  about  a 
25. 7%  weight  loss  of  beech  test  blocks  In  16  weeks. 

Meyers  (24)  has  shown  that  the  surface  layers  of  wood  (1-2  am)  Is  colonized  by  a 
diverse  fungal  population  (e.g.  Cirrenalia  sp.,  Ceriosporopsis  halina;  Corolloepora 
maritima ;  Torpedoepora  radiata,  Halosphaeria  quadricomuta  and  Luloorthia  spp.).  However, 
of  these  only  LuUiorthia  spp.  penetrated  to  any  depth  (12  mi). 

Various  methods  have  been  used  to  determine  the  Intensity  of  fungal  degradation  of 
cellulose  and  wood.  They  Include:  A)  weight  loss  and  visual  examination  (2);  B) 
enzymatic  studies  (25,  26);  C)  breaking  strength  of  cordage  (27)  and  D)  fungal  protein 
production  (28). 

The  ecology  and  decay  capability  of  llgnlcolous  marine  fungi  and  their  Inter 
relationship  with  other  marine  organisms  are  subjects  discussed  in  the  handbook  "Marine 
borers,  fungi  and  fouling  organisms  of  wood"  (29).  Jones  and  Irvine  (30)  have  shown 
that  the  selected  species  tested  are  more  tolerant  of  a  copper  chrome  arsenate 
preservative  than  many  terrestrial  fungi. 

While  there  Is  an  accumulating  literature  on  llgnlcolous  marine  fungi,  certain 
aspects  warrant  further  Investigation.  These  Include  spore  liberation,  settlement  In 
relation  to  water  movement  and  germination  rates  on  various  substrates.  These  are 
subjects  under  Investigation  at  Portsmouth  and  Fazzani  (31)  has  produced  a  film  showing 
spore  release  In  Sillia  ferruginea.  This  fungus  belongs  In  the  Pyrenomycetes  and  Is 
found  growing  on  tlufcer  In  water  corllng  towers  (32).  This  film  Is  available  on  loan 
from  Mr.  K.  Fazzani  or  myself  at  the  address  given  above. 

I  am  Indebted  to  Mr.  K.  Fazzani  for  allowing  me  to  show  his  film  at  the  Congress. 
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Table  1. 


Distribution  of  Marine 
fungi  with  depth 


Depth 

(■) 

Zalerlon 

Marl tl  Ha 

Coral  1  os  pora 

Maritime 

Lulworthla 

purpurea 

Hallgena 
uni  caudate 

47 

67 

BO 

♦ 

♦ 

86 

+ 

♦ 

B7 

•f 

♦ 

♦ 

106 

i  ♦ 

126 

♦ 

♦ 

127 

♦ 

130 

♦ 

134 

♦ 

180 

♦ 

187 

♦ 

210 

♦ 

♦ 

230 

237 

♦ 

280 

♦ 

♦ 

287 

♦ 

330 

♦ 

♦ 

337 

♦ 

380 

♦ 

♦ 

387 

430 

♦  2 

437 

♦ 

487 

537 

Total 

4 

5 

8 

12 

Table  2.  Spore  germination  of  some  Marine  fungi  at  different  teMperatures . 


10 

hours  (X) 


Torpedospora  radiate 

NG. 

Coral  lospora  Marl  tine 

42 

(100) 

Zalerlon  Maritime 

48 

(60) 

Astenmyces  cruel atus 

48 

(55) 

Oendryphlella  saline 

48 

(W) 

C°  Temperature. 

15  20  25 


hours  (X) 

hours  (X) 

hours  (X) 

42  (40) 

18  (28) 

18  (42) 

24  (100) 

18  (85) 

18  (98) 

24  (60) 

18  (88) 

18  (95) 

42  (60) 

18  (70) 

18  (75) 

24  (88) 

18  (86) 

18  (78) 

NG  ■  No  germination  after  72  hours. 
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Figure  1.  Conldla  of  some  marine  Fungi  Imperfectl: 

(a)  tremaateria  sp.  (x  600);  (b)  Uurriaola  alopallcnella  (x  600); 

(c)  vrbii'tyoee  apeotaJnlia  (x  1,500);  (d)  Dendryphiella  ealina  (x  500); 

and  lalerion  maritina  (>  1,000). 
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Fundamental  aspects  of  the  problem  of  antifouling 


Ha  Barnes 

The  Dunstaffnage  Marine  Research  Laboratory,  Oban, 
Argyll,  Scotland. 


The  Importance  of  fouling  studies  to  the  antifouling  problem 
are  outlined.  Stress  in  laid  on  the  necesnity  to  investigate  the 
biology  of  sedentary  organisms  as  it  concerns  the  solid  surface  - 
larval  (or  spore)  interactions  the  biology  of  other  stages,  larval 
or  adult  are  largely  irrelevant.  A  distinction  is  made  between  two 
classes  of  methods  to  prevent  settlement,  namely,  to  prevent  contact 
of  spores  or  larvae  so  that  insufficient  time  is  available  for 
settlement  processes  to  be  initiated,  or  to  kill  them  when  in  contact 
with  the  surface,  preferably  at  a  very  early  stage.  Since  most 
settlement  takes  place  when  the  ship  is  at  rest  more  attention  should 
be  given  to  strictly  'in-dock*  procedures.  Contact  poisoning  -  using 
the  tern  in  its  widest  sense  -  is  far  more  economical  than  methods 
depending  upon  leaching  rate.  Attention  is  directed  to  some  aspects 
of  conventional  paints. 

Key  Words i  Anti foul ingj  sedentary  organisms |  settlement 
processes 


I  have  been  asked  to  give  a  general  introduction  to  that  part  of  the  programme 
dealing  specifically  with  fouling  and  its  prevention.  I  shall  try  to  emphasise  only  the 
basic  chemical  and  biological  problems  involved  and  some  possible  modes  of  attacking,  if 
not  solving  them. 

Whilst  as  a  so-called  'academic'  I  would  never  wish  to  decry  pure  research  an  a 
legitimate  activity  worthy  of  financial  support  in  any  civilised  socioty,  and  whilst  well 
aware  that  all  too  often  applied  research  is  often  hindered  by  a  lack  of  fundamental 
information,  it  must  be  dearly  recognised  that  the  prevention  -  and  I  stress  the 
preventive  aspect  -  of  fouling  is  a  problem  in  applied  science!  once  the  problem  is  stated 
nn  end  product  is  defined  end,  as  with  all  other  anplied  problems,  the  success  of  the 
work  muat  be  Judged  by  its  practical  results!  has  the  object  been  achieved?  has  a  method 
of  preventing  fouling  been  devieed  that  la  capable  of  being  put  into  practice?  In  our 
cnae  the  problem,  stated  in  general  terms,  ia  to  prevent  the  settlement  of  marine 
organisms  on  materials  exposed  in  the  eeaiamongst  other  factors,  the  kind  of  materials 
involved,  their  use,  and  their  location  may  affect  not  only  the  ultimate  solution  but 
also  the  approach  to  this  solution  so  that,  for  example,  in  our  case,  the  fouling  of 
ships,  of  harbour  structures, of  'permanent'  buoys,  or  of  deep-sea  structures,  pose  a 
series  of  sub-problems  in  the  sntifnuling  complex.  Certain  basic  aspects  will  bn  coumon 
to  ell  these  sub-problems  but  each  must  be  approached  in  its  own  right  nnd  solved  in  the 
most  appropriate  way.  We  shall  be  largely  concerned  with  ship  fouling. 

One  of  the  difficulties  of  trying  to  be  up-to-date  in  any  discussion  of  anti-t'ouling 
work  ariees  from  the  secrecy  that  has  surrounded-  and  to  some  extent  still  surrounds  - 
the  development  of  both  old  and  new  methods  of  attack)  in  the  paat  this  was  often  the 
result  of  Jealousy  between  individual  firms  protecting  their  own  particular  formulations 
and  more  recently  to  this  has  been  added  the  sometime* neoeasary  exigencies  of  security. 

It  seems  unlikely  that  the  difficultiee  arising  from  these  two  sources  can  ever  be 
avoided. 

We  should  be  quite  clear  at  the  outset  that  from  the  practical  point  of  view  the 
positive  aspect  of  our  subject,  ,  the  occurrence  of  fouling  as  distinct  from  its 
prevention,  presents  no  problem  at  all!  -  any  material  if  immersed  in  the  sea  for  a  long 
enough  time  will  eventually  collect  a  settlement  of  macrosconlc  marine  organisms#  If  the 
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surface  is  in  no  way  repellent  to  marine  organisms  then  thie  Kill  happen  very  quickly!  In 
boreal  regions  the  amount ,  whether  measured  by  either  the  area  covered  or  by  the  weight 
of  material  accumulated,  will  vary  greatly  according  to  the  season  of  immersion,  but  in 
tropical  regions  unless  the  envlronnent  is  influenced  by  what  nay  be  called 
'meteorological*  factors  such  as  freshwater  run-off  arising  from,  say,  monsoon  conditions, 
total  settlement  nay  be  largely  'non-seasonal'.  All  this  is  merely  a  reflection  of  the 
presence  of  the  settling  stages  of  sedentary  organisms  in  the  water.  In  rome  respects, 
the  study  of  fouling  communities  and  their  development  is  largely  irrelevant  to  that  of 
anti-fouling  since  the  latter  seeks  to  prevent  even  the  establishment  of  those  species 
which  will  give  rise  to  these  communities.  This  is  not  to  argue  that  the  study  of 
fouling  -  no  matter  how  artificial  it  soy  be  -  is  without  its  own  intrinsic  interest.  The 
mixture  of  plants  and  animals  thnt  come  to  cover  immersed  surfaces  represents  an 
'isolated'  if  somewhat  artificial  comunity  and  its  development,  seasonal  changes,  the 
interactions  within  it,  and  so  forth,  are  of  themselves  of  considerable  biological 
Interest  as  well  as  being  relevant  to  studies  on  the  development  and  structure  of 
communities  on  hard  natural  substrata.  Most  of  the  work,  on  what  are  termed  fouling 
communities  has,  however,  been  largely  descriptive!  much  of  an  experimental  nature  and 
also  of  considerable  academic  interest  to  students  of  community  structure  and  the 
competition  and  other  factors  involved  in  its  development  remains  to  be  done. 

Observations  on  the  development  of  fouling,  if  not  of  fouling  communities  as  such,  ar» 
nevertheless  of  some  practical  importance  to  antifouling  work)  in  particular,  (l)  they 
i-ive  information  on  the  seasons  and  nlaces  when  and  where  fouling  is  particularly 
prevelant  and  so  indicate  the  most  suitable  times  and  places  for  conducting  tests  on 
the  efficiency  of  any  antifouling  techniaueat  it  has,  for  example,  long  been  known  that 
for  nll-the-year  round  work  tropical  testing  stations  have  many  advantages!  (2)  when 
associated  with  tests  of  any  antifouling  scheme  they  are  able  to  indicate  the  relative 
sensitivity  of  the  various  organisms  to  that  technique)  in  this  way  it  mny  be  possible 
to  select  certain  key  organisms  whose  reactions  to  a  particular  technique  may  allow  an 
efficient  estimate  of  the  antifcullng  techninue  to  be  made)  ouch  seems  to  be  the  case 
with  regard  to  the  duality  of  mnnv  copner-contnining  paints  since,  if  barnacle  settlement 
Is  Inhibited,  then  the  leaching  rate  will  be  above  a  certain  critical  value  (  CJ  lOpg/ca  / 
day)  and  other  animals  are  unlikely  to  settle)  rarely, however,  do  all  the  aettllng 
organisms  react  in  the  same  relative  manner  to  different  antifouling  tests)  for  example, 
mercury  compounds  seem  to  be  far  more  toxic  to  plants  thar  to  animals. 

Organisms  which  becoma  directly  attached  to  a  submersed  substratum,  as  distinot  from 
becoming  embedded  in  any  microbial  or  subsequent  macroscopic  growth,  are  by  nature 
sedentary  in  their  adult  phase  and  do  not,  therefore,  normally  'nrrive'  at  the  surface  as 
adult*  but  in  the  case  of  plants  as  spores,  and  in  the  case  of  animals  as  larval  or 
juvenile  forma.  Although  in  the  ease  of  plant  spores  there  must  be  profound  changes  - 
morphological  and  biochemical  -  In  the  transition  from  spore  to  sporeling  and  then  to  the 
adult  plant  and  although  th*a«  are  apparently  often  Initiated  by  contact  or  events 
immediately  subsequent  to  contact  (about  which  something  will  be  said  by  later  speaker*) 

In  the  absence  of  a  nervous  system  the  phenomenon  in  plants  must  be  far  different  froa 
that  pertalring  to  animal  larva*  which  usually  do  have  a  well-developed  nervous  system  and 
which  on  contact  with  a  solid  surface  may,  and  in  those  canes  studied  do,  have  a 
characteristic  end  coaplex  behaviour  pattern  during  settlement  and  metamorphosis  to  the 
young  adult.  Even  ao,  it  is  possible  to  consider  that  in  both  cases  there  are  three 
fundamental  alternatives  to  the  prevention  of  fouling,  namely  (a)  by  preventing  the 
organisms  reaching  the  substratum,  (b)  by  killing  them  at  some  larval  stage  while  they  arm 
in  contact  with  it,  or  (c)  subsequently  as  adults.  The  third  alternative  is  unattractive 
because  (a)-  growth  may  be  rapid  and  the  effect  of  even  small  and  low-growing  attached 
organisms  is  soon  felt  in  terms  of  ships  performance,  (b)  the  adult  mny  -  though  not 
necessarily  -  be  more  difficult  to  kill,  and  (c)  even  if  killed,  sufficient  residual 
dead  material,  either  slant  or  animal,  mny  remain  seriously  to  interfere  with 
performance,  and,  as  a  result  of  gregarious  behaviour,  to  attract  larvae  when  the  latter 
are  present!  many  years  ago  It  was  common  practice  for  mariners  to  take  their  3hlps  into 
tropical  estuaries  and  this  was  often  an  effective  -  if  from  some  other  points  of  view 
rather  drastic  -  antifouling  procedure)  the  lowered  salinity  killed  the  fouling  and  the 
current,  often  in  such  situations  carrying  much  silt,  removed  the  dead  remains.  We  shall 
consider  only  the  two  former  possibilities.  In  y-,  ,sing,  it  is  perhaps  not  inappropriate 
to  remark  that  unless  mass  poisoning  of  the  whole  body  of  water  surrounding  a  ship  -  say, 
a  whole  dock  basin  •  Is  envisaged,  then  there  is  little  point  in  studying  the  larval 
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stages  proceeding  that  at  which  settlement  takes  place,  except  in  so  far  as  the- r 
behaviour  and  reactions  are  expected  to  mirror  those  of  the  settling  stager.  Perhaps 
one  exception  may  be  made  to  this  somewhat  sweeping  statement!  characteristically  the 
action  of  contact  with  a  solid  surface  is  to  inhibit  those  nerve  centres  responsible  for 
swimming  so  that  studies  of  the  swimming  behaviour  might  contribute  to  our  knowledge  of 
its  inhibition. 

Since  many  of  the  plant  sporea  involved  lr  fouling  are  non-no tile  and  since  there  is 
no  evidenoe  that  the  motile  larvae  of  sedentar-  animals  actively  seek  Out  solid  surfaces  as 
distinct  from  reacting  to  them  once  encountered  -  some  of  the  probloms  of  the  prevention 
of  settlement  are  still  common  to  both  groups.  The  prevention  of  settlement  may  be 
obtained  by  (a)  providing  physical  conditions  near  the  surface  that  are  inimical  to  the 
orgnnismst  this  may  involve  producing  conditions,  which  do  not  allow  sufficient  time  for 
nny  contact  stimulus  to  act  or  in  common  parlance,  involves  'keeping  the  organisms  away 
from  the  surface' ,  or  (b)  killing  them  before  contact  is  made  e.£. ,  surrounding  the 
substratum  with  a  poisonous  'layer'  (one  may  point  out  in  passing  that  there  is  little 
information  on  what  part  thla  plays  in  the  action  of  a  normal  antifouling  paint,  i.e. , 
whether  the  larvae  are  destroyed  after  settlement  or  deterred  before  they  come  into 
contact  with  the  surface).  The  simplest  physical  procedure  to  prevent  any  stimulatory 
contact  is  to  keep  the  water  over  the  surface  moving  at  some  critical  velocity  either  an 
a  laminar  flow  or  as  a  turbulent  motion.  Thin  is  the  remedy  adopted  (possibly  in 
combination  with  other  features  such  as  inhibitory  slimes)  by  many  marine  organisms  such 
as  fish  and  could  be  adopted  by  a  shipowner  if  he  decided  never  to  dock  his  ships  -  in 
itself  rather  an  impracticable  remedy,  from  subsequent  papers  it  will  appear  that  the 
current  speed  required  to  prevent  the  settlement  of  algae  spores  is  far  in  excess  of  that 
for  animal  larvae.  This  does,  however,  load  to  an  important  aspect  of  antifouling  work, 
namely,  that  whether  prevention  of  contact  or  interference  with  subsequent  events  is  the 
selected  procedure,  they  are  only  particularly  needed  when  a  chip  in  in  dock  or  harbour, 
so  that  procedures  which  run  themselves  down  to  no  effective  purpose  uliile  the  ship  iu  in 
motion  are,  to  put  it  mildly,  wasteful!  to  paint  a  ship  with  an  antifouling  composition 
in  winter  in  a  northern  port,  dispatch  it  nevernl  thousand  miles  eventually  to  dock  in  a 
tropical  harbour  in  not.  good  business  practice.  Perhaps  because  other  aspects  of  runnier 
-hips  are  more  important,  owners  seem  to  have  paid  little  attention  to  their  schedules  in 
relation  to  anti foul inn  coats.  I  am  sure  that  n  knowledge  of  such  facts  about  seasonal 
fouling  conditions  in  various  localities  could  enable  considerable  economies  to  be  made 
in  the  running  of  fleets  of  ships,  particularly  in  a  restricted  locality. 

Although  various  strictly  dockside  procedures  -  mostly  unsuccessful  -  have  from  time 
to  tine  been  tried  at  least  in  a  preliminary  way  -  I  wonder  whether  dooknide  procedures 
have  received  sufficient  attention  either  from  the  scientific  or  economical  point  of  view. 
How  feasible  and,  in  view  of  the  ever-incrouuing  sophistication  of  underwater  engineering, 
how  attractive  could  an  'in-dock*  antifouling  oervice  be?  How  economical  could  it  be  made? 
How  could  it  be  fitted  in  with  other  dockinr  facilities?  Clearly  the  answers  to  these 
questions  depend  upon  the  development  of  n  reliable  procedure  capable  of  preventing 
settlement  on  a  stationery  voar.cl  over  a  restricted  period  of  time.  Is  it  totally 
inpo:  fiible  that  a  vessel  could  not  be  given  a  regular  'ln-dock'  wipe  down  by  mechanical 
means,  perhaps  with  a  poisonous  and  temporarily  adhesive  solution?  These  questions  do 
allow  us  to  otreos  the  advantages  or  otherwise  of  treating  a  ship  in  dooki  on  the  one 
hand,  extensive  dock-side  facilities  would  be  available  to  which  recourse  is  not  possible 
with  the  ship  under  way  while,  on  the  other,  such  an  antifouling  procedure  would  have  to 
be  fitted  in  with  repair  work  and  the  like  and  similar  facilities  for  ships  using  any 
such  techninue  would  have  to  be  available  in  all  the  major  portal  the  setting  up  of  such, 
if  it  were  successful,  would  surely  be  well  within  the  capacity  of  a  modern  business.  In 
this  connection  one  has  to  remember  that  current  antifouling  procedures  are  low  in 
priority  relative  to  other  activities  on  docking)  Indeed  they  are  the  veritable  Cinderella. 
Of  course  any  such  facility  depends  upon  the  development  of  a  successful  technique  and  the 
ones  most  obvious  to  explore  (it  has  been  done  in  a  preliminary  way  but  with  equivocal 
results)  are  those  preventing  contact  or  killing  the  organisms  before  contact.  It  would 
hardly  be  acceptable  when  the  public  is  concerned  -  and  quito  rightly  so  -  with  the  spread 
of  pollution  to  suggest  a  toxle  dock  -  but  it  is  possible.  It  would  be  possible  to  rotain 
the  toxic  water  and  destroy  its  toxicity  before  release  into  the  general  body  of  the 
water,  (tore  reasonable,  are  procedures  wl  ich  depend  upon  a  creating  turbulent  motion  at 
the  aurfaee  of  the  hull!  a  stream  of  air  bubbles  has  been  investigated. 
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Perhaps,  however,  it  will  be  necessary  for  some  time  to  deoend  upon  procedures  Borne 
of  which,  however  wasteful,  depend  upon  the  production  of  a  toxic  effect  at  the  surface 
of  the  paint.  In  spite  of  some  assertions  to  the  contrary  all  the  available  evidence 
strongly  suggests  that  if  a  poison  is  to  be  incorporated  into  a  nnint  it  must  be 
releaned  at  a  certain  minimum  rate  to  be  effective.  In  other  words,  we  are  dealing  with 
a  two-phase  system  of  paint-water t  there  is  little  evidence  that  any  successful  contact 
paint  -  only  poisoning  the  organisms  when  in  contact  with  the  film  so  that  the  poison 
passes,  so  to  speak,  directly  into  the  organism  -  has  been  developed.  More  attention 
should  be  given  to  this  possibility  since  it  would  obviate  the  necessity  for  a  critical 
leaching  rate  with  its  obvious  wasteful  loss  of  poison.  The  development  of  any  such 
contact  mechanism  has  clearly  to  depend  upon  the  passage  of  material  across  the  cellular 
boundaries,  plant  or  animal,  and  the  structure  and  composition  of  these  -  about  which  a 
great  deal  is  now  known  -  should  be  carefully  considered  in  relation  to  the  chemical 
composition  and  physical  structure  of  the  paint.  In  the  development  of  any  such 
technioue  it  will  be  necessary  to  study  the  surface-larvae  (or  surface-spore)  system  aa  a 
wholes  the  behaviour  of  a  barnacle  cyprid  -  and  still  less  the  n&uplius  stage  -  in  the 
free-living  state  would  be  largely  Irrelevant  except  perliaps  for  preliminary  testa.  The 
possibility  of  using  lipid-soluble  materials  immediately  col.bs  into  question,  but  the 
difficulties  -  not  the  least  of  which  Is  that  of  maintaining  a  specifically  designed 
paint  surface  in  its  original  form  over  long  periods  under  sea  water  -  are  severe  if  not 
insuperable.  If  it  were  to  prove  oossible  to  interfere  with  the  cemerting  mechanism,  or 
other  adhesive  reaction,  at  the  interface  between  the  paint  and  the  animal  then  material  - 
and  only  a  very  small  quantity  -  might  be  lost  from  the  filmt  however,  once  again  it  will 
prove  difficult  to  maintain  such  a  carefully  designed  surface  in  the  same  effective 
condition  over  a  long  period,  furthermore,  such  a  mechanism  would  perhaps  have  to  be 
species-specific  so  that  more  than  one  contact  inhibitor  would  be  required  to  deni  with 
the  variety  of  fouling  orgunismo  normally  encountered!  one  only  needs  to  recull  the 
'apparent'  simplicity  of  spore  adhesion  with  the  complex  behaviour  of  a  cyprid  and  its 
ultimate  cementing  to  a  surface.  In  some  ways  this  suggestion  resembles  that  put  forward 
by  those  who  advocate  the  study  of  marine  animals  which  live  in  the  marine  enviionment 
and  yet  do  not  become  fouled  nnd  in  which  the  prouuction  of  inhibitory  materials  - 
probably  slimes  rather  than  poisons  -  are  supposed  to  be  important.  Yet  the  continuous 
production  (formation)  as  distinct  from  relenae  by  chemical  or  physical  mmns.in  a  solid 
film  such  as  paint,  or  compounds  such  as  are  continuously  -enerated  by  living  processes 
would  seem  to  be  extremely  difficult.  Possibly  so-e  guidrB  may  be  obtained  from  the 
considerable  body  of  information  on  the  clumping  nnd  dispe-sion  of  some  nnimnl  cells  under 
different  environmental  conditions. 

Perhaps  for  some  timo,  and  certainly  if  some  risks  are  not  to  be  taken,  it  will  be 
necessary  to  t ~y  to  improve  the  performance  of  conventional  nntifouling  coatings  either 
in  terms  of  their  ability  to  prevent  fouling  or  their  cost  relative  to  a  given  life.  If 
one  is  going  to  accept  thin  position  -  at  least  for  tne  time  being  -  it  seems  that 
whatever  the  detailed  mechanism  involved  the  necessity  to  maintain  a  critical  rate  of 
loss  of  some  poisonous  material  must  be  accepted.  It  then  becomes  even  more  desirable  to 
define  the  objective  since  further  investigations  are  likely  to  rive  diminishing  returns. 
Improved  coatings  with  conventional  poisons  raignt  extend  the  life  of  antifouling  films  by 
a  factor  of  three!  new  and  more  powerful  toxins  should  give  even  further  improvements. 
Yet,  with  conventional  coatings,  the  efficiency  of  the  coatinr  is  likely  to  be 
considerably  impaired,  of  not  virtually  ruined,  if  the  paint  dries  out  at  a  dry-docking 
for  whatever  purposes  it  is  made.  With  such  coatings  -  unless  one  can  be  developed  which 
will  retain  its  effectiveness  after  drying  out  -  it  is  poin*less  to  aim  for  a  longer  life 
than  that  between  anticipated  succe  -sive  visits  to  dry  dock.  Improvement  of  the  present 
position  will  have  to  be  based  on  the  use  of  more  efficient  poisons  so  that  a  lower 
leaching  rate  is  effective  (much  work  goes  on  in  this  field),  the  matching  cf  these 
poisona  to  the  paint  media,  combined  with  an  improvement  of  the  adhesion  und 
compatability  of  the  various  coatings  to  one  another  and  to  tne  hull  of  the  ship!  much  of 
this  is  pure  paint  technology.  Helated  to  thin  conventional  approach,  since  it  would 
have  to  be  based  on  the  leaching  principle,  is  the  possibility  of  developing  a  totally 
toxic  film  as  distinct  from  enclosing  a  discrete  toxin  within  a  more  or  less  conventional 
film.  This  could  take  the  form  of  a  metal  polymer  complex  witt  the  required  properties 
or  of  a  completely  orgnnlc  poisonous  coating!  wastage,  in  the  sense  that  in  a 
conventional  coating  a  large  part  of  the  film  must  dissolve  in  order  to  relea-e  the 
poison,  would  be  eliminated.  Even  if  it  proven  too  difficult  to  make  a  totally 
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noiaonoua  film  it  may  to*  possible  to  develop  one  in  which  a  'liquid1  toxin  diffuses 
through  the  matrix  without  dissolution  of  the  latter:  this  would  involve  maintaining  a 
concentration  gradient  between  the  outside  and  inside  of  the  film:  much  is  now  known  of 
diffusion  in  and  through  solids  and  this  possibility  should  be  explored.  In  the  normal 
copper  paint,  except  when  sufficiently  loaded  with  toxin  to  give  so-called  contact 
leaching,  release  of  the  poison  requires  as  stated  above,  the  dissolution  of  part  of  the 
paint  -  usually  an  acidic  component  (often  rosin)  by  the  alkaline  sea  water.  Many  such 
paints  often  have  a  far  less  useful  life  than  would  be  expected  front  their  copper  content: 
this  is  usually  ascribed  to  the  deposition  of  insoluble  copper. 

From  the  purely  practical  point  of  view  there  is  always  the  vexed  question  of 
accelerated  tests:  in  the  case  of  conventional  films  it  is  well  known  that  the  effective 
life  in  service  and  that  on  a  teat  panel  exposed  from  a  raft  are  different  by  a 
significant  amount  and  both  differ  from  that  calculated  from  standard  leaching  rate  tests: 
it  is  highly  desirable  to  have  a  test  which  relates  the  test  performance  to  that  on  ships 
in  service.  There  is  little  point  in  merely  imitating  service  conditions  in  the 
laboratory  since  this  would  not  lead  to  any  acceleration:  so  far,  accurate  information 
has  only  been  obtained  by  comparing  the  results  of  exposure  tests,  leaching  rate  tests  on 
raft  exposed  panels,  and  analysis  of  samples  from  the  ship's  hull  at  known  times  during 
service.  The  results  of  any  accelerated  test  must  be  calibrated  against  the  third  kind 
of  information.  Any  effort  to  increase  the  rate  of  solution  of  the  rosin  acidic 
component  must  take  into  account  the  different  effects  of  the  solution  -  normally  an 
alkali  containing  a  complex inr  agent  for  the  copper  ion  -  including  the  solution  of 
insoluble  copper  compounds  deposited  i*  the  matrix  ’.<*  ieii  are  particularly  important  when 
thick  films  are  being  considered,  and  also  the  physical  effects  of  sny  increased  speed  of 
panel  relative  to  the  solution  used. 

I 

To  summarise:  the  possibilities  of  in-dock  treatment  should  be  further  explored: 
attention  should  be  directed  to  possible  methods  in  which  the  inhibitory  action  is  only 
implicated  when  the  settlement  stage  is  in  contact  with  the  surface:  further  improvements 
in  the  conventional  approach  might  come  from  efforts  to  increase  the  toxicity  of  the 
poison  if  its  solubility  can  be  matched  to  that  of  the  matrix,  or  better  atill  if  a 
totally  toxio  film  can  be  developed:  it  will  be  essential  to  concentrate  on  those  nspecta 
of  the  biology  of  sedentary  organisms  truly  relevant  to  antifouling. 
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The  adheilve  cement  of  the  barnacle  Balanua  crenatui  waa  atudled 
by  hlatochemlcal,  hlstoenzymologlcal,  chemical,  and  Inatrumental 
analytical  methoda.  The  reaulta  suggest  that  the  hardening  mechanlam 
of  the  cement  la  based  upon  a  qulnone  type  croaallnklng  of  the  protein¬ 
aceous  accretion.  In  auch  a  mechanlam,  free  amino  groupa  of  the  pro¬ 
tein  are  bound  by  the  very  reactive  semlquinones  which  form  from  o- 
dlhydroxyphenola  through  phenolase  catalyzed  oxidation.  Melanin 
formation  usually  accompanies  thla  mechanlam. 

In  support  of  this  mechanism  more  than  80%  of  dry  weight  of  the 
cement  proved  to  be  protein  with  appreciably  high  lysine  content,  as 
source  for  free  amino  groupa.  In  the  hardened  cement,  aromatic  cross¬ 
links  were  Indicated  with  bond  strength  close  to  that  of  C-N  covalent 
bonds;  also  stable  free  radicals  such  as  the  semlquinonea  were  detected 
by  EPR.  The  reducing  compounds  demonstrated  both  in  the  cement  and  the 
glands  can  be  phenolic  precursors  of  the  qulnones.  UV  spectroscopy  and 
evidence  for  chelated  Iron  suggest  o-qulnonold  derivatives  to  be  present. 
Phenolase  was  demonstrated  throughout  the  secreting  apparatus  and  the 
secretion.  Also,  melanin  could  be  detected  In  the  cement.  Finally,  a 
comparative  study  of  the  barnacle  adhesive  and  a  known  qulnone  cross- 
Unked  protein,  the  mussel  byssus,  showed  similarities. 

Although  the  results  indicate  qulnone  croaallnklng  for  the 
hardening  mechanism  of  the  barnacle  cement,  the  phenolic  precursor 
of  the  qulnone  has  not  yet  been  Isolated.  The  facts  that  there  Is 
only  one  type  of  gland  In  the  barnacle  to  secrete  the  protein, 
phenollcs  and  enzyme  necessary  for  the  qulnone  crosslinking  mecha¬ 
nism  and  that  there  Is  a  lack  of  detectable  phenollcs  could  suggest 
a  new  type  of  "strict  autotanning, "  Involving  a  phenolase  catalyzed 
oxidation  of  the  phenolic  residues  of  the  phenolase  Itself,  In  the 
absence  of  other  substrates,  which  In-  turn  crosslinks  with  free  amino 
groups  of  other  phenolase  molecules. 

Key  Words:  Barnacle;  clrrlped;  crosslinking;  bonding;  histo¬ 
chemistry;  spectroscopy;  protein;  enzymes;  qulnones;  adhesive; 
hydrolysis 


1.  Introduction 

The  present  paper  Is  a  direct  continuation  of  our  paper  presented  at  the  Second  Inter¬ 
national  Congress  in  Athens,  Greece  (l)1  which  sumurlzed  our  biological  survey  of  the 
attachment  mechanism  of  barnacles  and  demonstrated  a  unique  method  for  Isolating  the 
barnacle  adhesive  In  relatively  high  purity. 


Figures  In  parentheses  indicate  the  literature  references  at  the  end  of  this  paper. 
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It  was  shown  that  the  Initial  attachnent  of  the  barnacle  is  a  purely  mechanical  hold, 
established  by  the  antennular  suction  cups  of  the  last  larval  stage  of  the  barnacle,  the 
cyprid,  which  is  reinforced  by  adhesive  cement.  The  minute  quantity  (0.1  microgram)  of 
the  cyprid  cement  makes  its  collection  without  contamination  very  difficult.  Although 
larger  amounts  of  cement  are  secreted  by  the  growing  adult,  they  are  spread  In  concentric 
circles  between  basis  and  substratum  In  approximately  a  five  micrometer  layer,  which  makes 
the  collection  of  this  type  of  the  cement  for  analysis  equally  difficult.  A  method  for 
increased  cement  production  was  developed  In  the  laboratory  by  carefully  detaching  barna¬ 
cles,  which  Invariably  will  make  an  attempt  at  reattachment  (Fig.  1).  Reattachment  Is 
possible  because  the  ducts  are  not  plugged  by  hardened  cement,  but  flushed  out  after  the 
primary  secretion  to  keep  the  ducts  open  for  emergency  repair  or  reattachment  by  a  secon¬ 
dary  secretion  (2).  This  secondary  cement  can  be  collected  relatively  free  of  contamina¬ 
tion  In  quantities  sufficient  for  analysis. 

It  was  established  that  the  cyprid,  the  primary,  and  the  secondary  cement  are  histo¬ 
logically  and  hlstochemically  identical.  This  was  done  by  locating  the  cement  glands  and 
studying  their  development  and  function  In  relation  to  the  rest  of  the  cementing  apparatus. 
Although  the  cement  glands  of  the  pedunculate  barnacles  (Lepadldae)  were  studied  by  Darwin 
(3)  and  their  cytologlcal  details  and  functions  described  by  Kruger  (A),  the  first  accurate 
report  on  the  glands  of  a  sessile  barnacle  (Balanldae)  was  published  only  recently  (5). 

Our  studies  showed  that  the  cement  glands  are  giant  unicellular  glands  (100  to  200  micro¬ 
meters  In  diameter)  with  a  large  nucleus  containing  several  nucleoli  and  a  dense  cytoplasm 
with  several  vacuoles  (Fig.  2).  These  permanent,  periodically  functioning  glands  develop 
directly  from  the  cement  glands  of  the  cyprid  with  more  and  more  such  glands  Joining  them 
as  the  growing  animal  requires  more  cement.  The  knowledge  of  the  exact  location  of  the 
cement  glands  permits  studies  on  the  cement  precursors  either  by  hlstochemlcal  methods 
In  situ  or  by  chemical  and  Instrumental  analysis  through  extraction,  fractionation,  and 
isolation. 

Based  upon  the  Information  gained  during  the  biological  phase  of  our  research,  the 
chemical  characterization  of  the  hardened  cement  was  undertaken  through  hlstochemlcal, 
solubility,  ultraviolet  and  Infrared  spectral,  elemental  and  amino  acid  analyses  methods. 

2.  Results 

Hlstochemlcal  methods  (6,  7,  8)  were  found  convenient  for  obtaining  preliminary  informa¬ 
tion  on  the  chemical  character  of  the  cement  In  situ  without  time-consuming  collection  pro¬ 
cesses  and  without  the  danger  of  contamination.  All  three  types  of  adhesive  cement  of  the 
barnacle  Balanus  crenatus.  Brugulire  were  subjected  to  the  hlstochemlcal  tests:  the  cyprid 
cement,  the  primary  or  normally  secreted  adult  cement,  and  the  secondary  cement.  In 
addition,  these  reactions  were  performed  on  the  cement  glands  and  the  results  on  the 
cytoplasm  and  the  nucleoli  were  recorded. 

Tests  for  lipids,  carbohydrates  and  proteins  are  suiranarlzed  In  Table  1.  Neither 
lipids,  nor  carbohydrates  could  be  demonstrated  with  certainty  In  any  type  of  cement. 

Direct  staining  methods  (LIS0N-DACNELLE,  SHEEHAN-STOREY  and  ELFTMAN-1957)  gave  negative  or 
very  weak  positive  results  with  SUDAN  BLACK  B.  BAKER'S  ACID  HAEMATEIN  method  gave  a  stronger 
color  after  the  lipids  were  extracted  by  pyridine;  therefore,  the  test  must  be  considered 
negative.  According  to  the  method  by  ELFTMAN-1954,  after  carefully  controlled  chromatlon, 
non-llplds  stain  with  HAEMATOXYLIN  only,  non-chromated  lipids  with  SUDAN  BLACK  B  only,  and 
chromated  phospholipids  with  both  dyes.  The  barnacle  cement  showed  stt’onger  staining  with 
HAEMATOXYLIN.  Based  upon  the  results  obtained  with  controlled  chromatlon  by  ELFTMAN, 
phospholipids  are  Indicated  In  the  cytoplasm  but  there  Is  only  a  slight  Indication  for 
lipids  in  the  nucleoli  of  the  cement  glands. 

The  classical  PAS  (Periodic  acld-Schlff)  method  for  carbohydrates  gave  very  weak  or  no 
coloration  with  all  types  of  barnacle  cement.  Acetylation  and  deacetylation,  techniques 
designed  to  improve  specificity  of  the  reaction,  did  not  change  the  results  appreciably;  there¬ 
fore,  carbohydrate  Is  not  Indicated.  Methods  for  acid  mucopolysaccharide,  such  as  ALCIAN 
BLUE,  METHYLENE  BLUE  AT  pH  4,  METACHROMASIA  of  AZURE  A  Induced  by  sulfation,  and  also  the 
METHYL  VIOLET  method  for  amyloid  were  negative  with  the  cement.  In  the  cement  gland 
cytoplasm  METHYLQIE  BUIE  and  ALCIAN  BLUE  methods  were  positive,  but  the  hue  with  ALCIAN  BLUE 
and  the  lack  of  METACHROMASIA  after  sulfation  Indicate  nucleic  acids  rather  than  acid 
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mucopolysaccharides .  In  the  nucleus,  however,  sulfated  mucopolysaccharide  was  Indicated 
by  autoradiography  using  sul fur-35  tagged  sulfate  (Fig.  3). 

In  contrast  to  the  negative  results  for  lipids  and  carbohydrates  all  three  types  of 
cement  gave  positive  reactions  with  hlstochemlcal  methods  for  proteins,  such  as  the 
MERCURY -BROMPHENOL  BLUE,  MILLCN,  and  MOREL-SISLEY  dlazotatlon  methods.  Unexpectedly,  the 
MOREL-SISLEY  method  Indicated  tyrosine  only  in  low  concentration  in  the  cytoplasm  of  the 
cement  glands  and  no  tyrosine  in  the  nucleoli.  Unfortunately,  these  results  could  not  be 
confirmed  by  the  MILLON  reaction  because  of  the  destructive  nature  of  its  reagents.  The 
results  of  the  reactions  for  tryptophan  are  also  remarkable.  Except  for  very  limited 
positive  results  with  DMAS  (p-dimethylaminobenzaldehyde)  on  the  outside  surfaces  of  the 
secondary  cement  (owing  perhaps  to  artifacts)  both  the  DMAB  and  NED  (naphthyl  ethylene 
diamine)  reactions  showed  negative  results  with  the  cement.  In  the  cement  gland,  how¬ 
ever,  both  methods  were  mildly  positive  in  the  nucleoli  and  in  the  cytoplasm;  and  DMAB 
indicated  large  local  concentrations  of  tryptophan  in  the  cytoplasm. 

Simple  hlstochemlcal  staining  reactions  based  on  coupling  the  colored  ions  of 
organic  dyes  with  ionic  functional  groups  of  tissue  components,  which  carry  an  electric 
charge  opposite  to  that  of  the  dye  ion,  can  be  indicative  of  the  chemical  character  of 
the  functional  groups.  Table  2  lists  some  of  these  staining  reactions.  All  three  types 
of  cement  stain  with  anionic  dyes  such  as  EOSIN  Y,  ERYTHROSIN  B  and  ORANGE  G,  but  do  not 
stain  with  cationic  dyea  such  as  ALCIAN  BLUE,  AZURE  A,  CELESTIN  BLUE,  JANUS  GREEN, 

METHYLBIE  BLUE,  NEUTRAL  RED  or  THIONIN.  Such  staining  characteristics  would  indicate 
cationic  functional  groups,  such  as  free  amino  groups,  in  the  tissue  rather  than  anionic 
groups,  such  as  carboxyl  or  sulfate  groups.  In  staining  with  amphoteric  dyes  the  anionic 
sulfonate  groups  of  LIGHT  CREQi,  ACID  FUCHSIN  and  ANILINE  BLUE  WS  Issoclate  more  strongly 
than  do  their  amino  groups,  thus  they  stain  barnacle  cement  as  do  the  anionic  dyes,  indicat¬ 
ing  free  amino  groups.  The  chemical  reaction  mechanism  of  staining  with  combinations  of 
dyes  such  as  the  GALLEGO-CARCIA ,  MALLORY  TRICHROME,  MASSON-PATAY,  or  SCWEIDAU  methods  is 
not  sufficiently  understood  for  chemical  evaluation  of  the  results.  Nevertheless,  the 
results  with  these  dye  combinations  are  Included  in  our  table  mainly  for  thalr  historical 
value.  Another  popular  g.  -nip  of  histological  stains  is  the  MORDANT  HAEMATEINS.  Owing  to 
its  phenolic  hydroxyls  the  naemateln  is  mildly  anionic  and  forms  insoluble  salts  or  lakes 
with  certain  trlvalent-metalllc  compounds  (mordants).  Thus,  the  dye  binds  with  the  tissue 
components  through  the  metallic  mordant  and  acts  similar  to  the  cationic  dyes.  Accordingly, 
the  DELAFIELD,  EHRLICH  and  HARRIS  methods  were  negative  with  the  cement,  but  HEIDQ1HAINS 
method,  using  ferric  alum  as  mordant,  gave  a  positive  result.  This  could  be  the  result  of 
the  cement's  affinity  toward  iron,  which  will  be  shown  later. 

The  cement  glands  showed  more  complex  staining.  As  with  most  of  the  other  hlsto- 
chemical  reactions,  the  coloration  produced  by  the  histological  stains  are  not  uniform 
throughout  the  entire  cytoplasm.  Such  variations  indicate  concentrations  of  various 
materials  with  different  functional  groups.  The  cement  gland  cytoplasm  shows  such  stain¬ 
ing  intensity  variations  with  anionic  dyes,  while  the  nucleoli  stain  more  strongly  and 
uniformly.  Only  weak  staining  can  be  attained  with  the  cationic  dyes  THICf'IN  and  AZURE  A 
in  the  cement  gland.  Nuclear  stains,  such  as  the  MORDANT  HAEMATEIN  technique,  readily 
stain  both  the  cytoplasmic  portion  and  the  nucleoli  of  the  cement  gland.  Staining  with 
the  amphoteric  dyes  deserves  notice.  While  LIGHT  GREEN  stains  cytoplasm  but  not  the 
nucleoli  and  ANILINE  BLUE  WS  gives  various  but  Intense  staining  in  the  cytoplasm  but 
weak  staining  in  the  nucleoli,  ACID  FUCHSIN  stains  the  nucleoli  very  strongly  in  aqueous 
solution  but  stains  the  cytoplasm  only  in  strong  acidic  media. 

The  behavior  of  ACID  FUCHSIN  suggests  a  low  Isoelectric  point  for  cytoplasmic  struc¬ 
tures.  Also,  the  variations  in  color  Intensity  in  the  cytoplasm  with  most  of  the  other 
single  dyes  and  dye  combinations  indicate  tissue  elements  with  different  isoelectric 
points.  By  strinlng  the  cement  gland  separately  with  the  anionic  ORANGE  G  and  the 
cationic  METHYLk'lE  BLUE  dyes  buffered  to  various  pH  values  covering  a  range  from  one  to 
ten  in  0.2  pH  Increments,  the  isoelectric  points  of  the  cell  elements  were  determined. 

While  the  same  method  gave  an  isoelectric  point  of  about  8.2  for  the  hardened  cement  and 
about  5.9  for  the  nucleolus,  different  areas  in  the  cytoplasm  range  from  3.9  to  9  in 
isoelectric  point.  Those  areas  of  the  cytonlasm  where  the  isoelectric  point  is  approximately 
six  appear  to  coincide  with  larger  concer orations  of  tryptophan. 
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Histochemical  reaction*  for  tone  of  th*  functional  group*  of  the  cement  are  sunsnarlxed 
in  Table  3.  Free  amino  group*  were  desKmstrated  in  the  hardened  cement  a*  well  as  in  the 
cytoplasm  and  the  nucleoli  of  th*  cement  gland  by  the  NINHYDRIN-SCHIFF,  combined  with 
deamination  control,  and  by  the  SOLOCHROW  CYANINE  RS  and  the  ALKALINE  FAST  GREEN  tech¬ 
nique*.  The  SCHIFF  reaction  wa*  weakly  positive  for  aldehyde*  in  th*  hardened  cement  and 
strongly  positive  in  th*  cement  gland  cytoplasm  and  nucleoli,  however,  the  presence  of 
aldehydes  could  not  be  confirmed  by  the  GOtORI  H EXAMINE  SILVER  method.  Sulfhydryl 
groups  were  demonstrated  by  th*  ALKALINE  TETRAZOLIUM  and  SCHMORL  ferrlc-ferrlcyanlde 
method  in  th*  cesetnt,  but  only  weak  reactions  were  obtained  in  the  cytoplasm  and  the 
nucleoli  of  the  cement  gland.  ADAMS  thloglycollate-ferric  ferrlcyanlde  method  indicated 
some  disulfide  bridges  in  both  the  cement  and  the  gland.  A  weak  positive  reaction  after 
blocking  the  sulhydryl  groups  with  phenylmercurlc  chloride  suggests  reducing  groups  other 
than  -SH  or  -S-S-  in  th*  hardened  cement.  By  the  method  of  LILLIE  the  absorption  of 
iron  (II)  ions,  believed  to  be  chelated  by  o-qulnhydrone  type  compounds,  was  demonstrated 
in  th*  cytoplasm.  With  th*  VULPIAN  ferric  chloride  reaction  for  such  o-dihydruxyphenollc 
compounds,  only  the  primary  cement  gave  a  weak  positive  reaction.  The  MASSON- FONTANA 
method  designed  for  detecting  me lan  in ,  an  o-dlhydroxyphenol  derivative,  was  positive  in 
the  cyprld  cement  (Fig.  4)  but  weak  in  the  primary  cement. 

Based  on  th*  hlstochesdcal  reactions,  there  is  strong  indication  that  the  barnacle 
adhesive  has  a  high  concent  of  protein  with  an  abundance  of  free  amino  groups;  and  also 
some  reducing  groups  or  compounds  are  indicated.  In  the  cement  gland  cytoplasm,  where 
the  precursors  of  the  adhesive  are  expected,  tryptophan  was  found  in  high  local  concen¬ 
trations,  which  appear  to  be  concurrent  with  variations  of  isoelectric  points  in  various 
areas  throughout  th*  cytoplasm.  Also  there  was  some  indication  for  qulnhydrone  type 
compounds  being  present  in  the  ceawnt  gland. 

A  number  of  conventional  analytical  techniques  on  the  hardened  cement  are  hampered 
by  its  extreme  reslstancy  toward  solvents.  Th*  chemical  and  physical  stability  of  the 
hardened  cement,  or  its  reslstancy  toward  dissolution,  depends  on  the  crosslinks  which 
hold  th*  individual  protein  chains  together.  Th*  weakest  of  these  linkages,  produced  by 
the  Van  der  Waal*  forces,  cleave  in  boiling  water.  Proteins  with  a  majority  of  salt 
linkages  will  swell  or  dissolve  in  dilute  acids  or  alkalis.  Dissolution  or  swelll  g 
in  salt  solution  indicates  mainly  hydrogen  bonds.  Sc leroprotelns  crossllnked  by  covalent 
bonds  are  the  most  stable.  Disulfide  bridges  of  th*  keratin  type  sc leroprotelns  can  be 
disrupted  by  thloglycollat*  solution  (9).  The  strength  of  the  C-N  bond  in  crosslinks  of 
collagen  derived  from  Schlff-bas*  type  condensations  (10)  or  in  the  qulnone-amlne  bridges 
of  th*  arthropod  cuticle  (11)  is  quit*  near  to  that  of  the  peptide  bond,  therefore,  hydroly¬ 
sis  with  strong  acids  or  alkalis  will  disrupt  these  bridges  simultaneously  with  the  protein 
backbone.  Mill*  th*  C-C  bonds  in  crosslinks  of  collagen  derived  from  aldol  type  condensa¬ 
tions  (10),  in  dl-  and  trityrosine  bridges  of  resllln  (12),  and  in  desmoslne  crosslinks  of 
elastln  (13)  appear  to  be  even  stronger,  these  scleroprotelns  also  dissolve  in  strong 
acid  or  alkali  because  of  the  hydrolysis  of  the  protein  backbone.  Proteins  with  aromatic 
crosslinks  such  as  th*  qulnone,  di tyros Ins  and  desmoslne  types  appear  to  dissolve  rapidly 
in  sodium  hypochlorite  (14)  owing  to  th*  cleavage  of  th*  aromatic  ring,  although  other 
bonds  such  as  th*  peptide  linkage  break  as  well. 

Most  solubility  tests  on  th*  barnacle  adhesive  gave  negative  results.  The  larval 
cement  of  th*  barnacle  showed  only  an  extremely  slight  swelling  after  one  week  in  0.2  N  NaOH, 
indicating  bom  salt  linkages,  but  readily  dissolved  in  hypochlorite  which  indicated  aromatic 
or  peptide  bridges  (Fig.  S).  Based  on  our  present  knowledge  about  th*  synthesis  of  peptides 
in  nature,  peptide  crossllnkag*  does  not  teem  to  occur  reedlly  outside  an  organism.  Also, 
Indication*  are  that  th*  formation  of  crosslinks  in  resllln  may  require  a  few  days  or  weeks 
(IS)  and  desmoslne  forms  even  slower  (16),  therefore,  these  types  of  crossllnkag**  do  not 
seem  to  be  suitable  for  the  barnacle  adhesive,  which  hardens  within  hours.  By  elimination, 
th*  results  of  the  investigation  of  bond  strength  of  th*  crosslinks  suggest  qulnone  cross- 
linking. 

Qutnon*  crosslinking  appears  to  be  on*  of  the  more  expected  reaction  mechanisms  for 
th*  barnacle  cement.  The  barnacle  is  an  arthropod  and  qulnone  cross linking  has  been 
established  (11,  17)  to  be  a  hardening  smchanlsn  used  by  arthropods  in  the  formation  of  the 
eplcutlcle  (Table  4).  The  hardening  of  th*  cutlcular  protein  is  accomplished  by  the  penetra¬ 
tion  of  a  derivative  of  the  blood  tyrosine  (11,  18,  19)  in  which  a  second  hydroxyl  is  attach¬ 
ed  by  the  phenolase  entyme  (20)  to  th*  aromatic  nucleus  (21)  and  th*  aliphatic  chain  is 
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altered  (11,  22,  23,  24,  25,  26).  Thia  o-dlhydroxyphenol  li  oxidized  by  the  phenolate 
(27)  to  a  semiquinone  free  radical  (28)  which  reacts  with  the  free  amino  groups  of  the 
protein  (29).  The  quinone  crosslinking  mechanism  is  usually  accompanied  by  melanin 
formation  from  phenolic  compounds  through  the  catalytic  action  of  the  phenolase  (30). 
Semlqulnones  can  form  quinhydrone  type  compounds  (31)  or  dimers  of  semlquinones  (32) 
which  are  capable  of  chelating  ferrous  ions  (33).  Since  semlqulnones  are  relatively 
stable  free  radicals  owing  to  their  symmetrical  resonance  system  (34),  it  was  suggested 
that  unreacted  free-radlcals  might  be  trapped  within  the  cement  structure.  Electron 
paramagnetic  resonance  (EPR)  spectroscopy,  which  is  one  of  the  most  sensitive  methods 
of  detecting  free-radlcals,  did  indeed  show  bands  that  might  be  attributed  to  a  quinone 
type  free-radical  (Fig.  6).  The  purified  barnacle  cement  showed  a  single  absorption  with 
a  width  of  5-10  gauss  at  approximately  g  -  2.01  +  0.01.  Although  the  hyperflne  structure 
of  the  spectra  is  not  available  at  this  time  for  more  precise  analysis,  the  approximate 
g  value  and  absorption  width  corresponds  with  those  reported  in  the  literature  for  quinone 
type  free-radlcals  (35,  36). 

Besides  arthropods,  there  are  other  organisms  also  using  quinone  crosslinking  processes. 
One  of  these  is  a  mollusc,  the  mussel  Mvtllus  edulla.  which  uses  quinone  crossllnked  protein 
for  attachment  (37,  38,  39,  40,  41,  42).  The  elemental  analysis  of  the  barnacle  and  mussel 
adhesives  show  some  similarities  (Table  5).  The  major  difference  is  in  the  nitrogen  con¬ 
tent,  which  indicates  a  somewhat  higher  protein  content  for  the  mussel  adhesive.  The 
estimated  protein  content  of  the  barnacle  cement  it  87. 5T  versus  96.47L  protein  in  the 
mussel  byssus.  Although  the  individual  amino  acid  contents  of  the  mussel  byssus  and  the 
barnacle  cement  show  some  differences,  general  similarities  can  be  observed  (Table  6). 

In  general,  basic  amino  acids,  lysine  in  particular,  and  aspartic  and  glutamic  acids, 
both  dicarboxyllc  acids  which  can  be  hydrolysis  products  of  their  amides,  are  represented 
in  relatively  larger  quantities  (7.0-8.77.)  in  both  secretions.  This  is  in  accordance  with 
the  quinone  crossllnklng  mechanism  since  the  quinone  binds  with  free  amino  groups.  Both 
nonpolar  and  uncharged  polar  amino  acids,  on  the  other  hand,  are  present  in  moderate 
quantities  (each  less  than  6.57L).  Glycine  and,  to  a  certain  extent,  alanine  are  exceptions. 
These  amino  acids  are  in  relatively  much  larger  quantities  in  the  mussel  byssus  (22. 9Z 
and  8.57.  respectively)  than  in  the  barnacle  cement  (6.57.  and  4.571  respectively).  The  high 
glycine  and  alanine  content  is  characteristic  of  structural  proteins  with  considerable 
tensile  strength  such  as  resllln  (3171  glycine,  117.  alanine)  (43),  collagen  (337.  glycine, 

117.  alanine)  (44),  elastln  (367.  glycine,  197.  alanine)  (45),  and  silk  fibroin  (4571  glycine, 
297.  alanine)  (46).  Similarly,  the  thin  threads  of  mussel  byssus  which  anchor  the  heavy 
shell  must  have  high  tensile  strength.  The  barnacle  cement,  however,  is  spread  only  In  a 
thin  layer  between  the  basis  and  the  substratum,  and  tensile  strength  might  not  play  such 
an  important  role. 

There  is  a  noticeable  similarity  between  the  IR  spectra  of  the  cement  of  the  barnacle 
Balanus  crenatus  and  that  of  the  mussel  Mvtllus  callfomlanus  (Fig.  7).  The  major  bands 
around  3300  cm*i  (N-H  stretching),  1650  cm*1  (C-0  stretching),  and  1550  cm**  (N-H  bending) 
are  characteristic  bands  for  proteins  and  polypeptides.  Most  other  bands  such  as  3070 
cm*l  (N-H  stretching),  2960  cm*l  (C-H  stretching)  and  also  1230  cm'*  and  1160  cm"*  (back¬ 
bone  vibrations)  are  always  present  in  polypeptide  spectra.  The  moderate  absorption  band 
at  1080  cm~l  can  be  assigned  to  C-0  stretching,  O-H  bending,  or  C-0-C  stretching  in  ring 
structures  which  could  indicate  some  polysaccharide  although  a  number  of  other  functional 
groups  including  ethers,  aldehydes,  and  amines  also  show  absorption  in  this  region. 

Since  aromatic  compounds  show  absorption  in  the  UV  domain,  the  aromatic  crossllnklng 
mechanism  was  studied  by  UV  spectroscopy  on  model  reactions  as  well  as  on  the  hardened 
barnacle  and  mussel  secretions  (Fig.  8).  Model  studies  using  amines,  amino  acids,  peptides, 
and  crystalline  proteins  reacted  with  p-quinone  indicate  that  the  product  of  these  reactions 
can  be  characterized  by  a  strong  absorption  at  345  nm.  Similar  reaction  products  using 
o-dlhydroxyphenol  and  phenolase  enzyme  in  place  of  p-qulnone  produce  less  intensive 
absorption  around  325-330  nm.  In  order  to  study  the  UV  spectra  of  hardened  secretions  of 
the  barnacles  and  mussels,  these  highly  insoluble  substances  had  to  be  brought  into 
solution  without  the  disruption  of  the  crosslinks.  Thin-layer  chromatograms  (TLC)  of 
substances  hydrolyzed  by  8N  HC1  at  40*C  Indicated  that  the  hydrolysates  of  the  model 
compounds  as  well  as  the  mussel  byssus  contained  larger  peptides  besides  amino  acids, 
while  the  barnacle  cement  hydrolyzed  completely.  On  the  other  hand,  TLC  indicated  only 
partial  hydrolysis  of  the  barnacle  cement  by  Ba(0H)2  at  125*C  for  48  hours,  producing 
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peptide*  and  amino  aclda.  The  UV  spectra  of  the  cold  8N  HC1  hydrolysate  of  the  mussel 
byssus  and  the  Ba(0H>2  hydrolysate  of  the  barnacle  adhesive  show  absorption  at  about 
325  nm  Indicating  that  these  proteinaceous  substances  are  crossllnked  by  o-qulnonold 
bridges. 

In  nature  aromatic  crosslinking  of  proteins  by  o-qulnones  Is  catalyzed  by  a  phenolase 
enzyme  complex  (20),  which  Is  believed  to  hydroxylate  monophenols  to  o-dlphenols  (21) 
followed  by  the  oxidation  of  the  latter  to  o-qulnones  (27).  The  same  enzyme  complex  Is 
believed  to  catalyze  the  dark  melanin  pigment  formation  (30)  from  3,4-dlhydroxyphenyl- 
alanlne  (DO PA),  the  o-dlhydroxy  derivative  of  the  monophenollc  amino  acid  tyrosine.  By 
Introducing  DOPA  Into  the  tissues  the  location  of  the  phenolase  enzyme  can  be  determined 
by  the  dark  pigment  formation  which  Indicates  the  probability  of  the  qulnone  crosslinking 
mechanism,  especially  In  light  colored  tissues  and  substances.  Using  this  method,  strong 
phenolase  activity  was  demonstrated  In  the  cyprld  cement  near  the  remains  of  the  antennules, 
where  the  location  of  the  primary  secreting  orifices  Is  suspected,  and  In  some  portions  of 
the  adult  duct  network  (Fig.  9).  This  hlatochemlcal  reaction  was  also  positive  In  sections 
of  primary  and  secondary  adult  cement.  The  presence  of  the  phenolase  enzyme  was  positively 
demonstrated  Inside  the  cement  glands  (Fig.  10)  by  using  activators  such  as  Cu*+  long  or 
UV  radiation,  modifying  the  length  and  temperature  of  the  Incubation,  and  employing  enzyme 
Inhibitors  such  as  cysteine,  cyanide  or  dlethyldlthlocarbamate.  Phenolase  activity  In  the 
cytoplasm  appears  to  coincide  with  areas  having  an  Isoelectric  point  of  approximately  6. 

The  enzyme  concentrates  around  the  secretion  collector  channels  and  the  dark  melanin 
particles  reveal  the  phenolase  to  be  entering  and  moving  In  these  channels  In  high  concen¬ 
tration.  The  demonstration  of  the  phenolase  enzyme  In  the  cement  glands,  secreting  ducts 
and  hardened  adhesive  represents  a  decisive  Indication  for  the  qulnone  crosslinking  being 
Involved  In  the  hardening  mechanism  of  the  adhesive  cement  of  barnacles. 

3.  Discussion  and  Conclusions 

The  chemical  Investigation  of  the  barnacle  adhesive  cement  outlined  above  resulted  In 
the  recognition  of  a  hardening  mechanism  characterized  by  qulnonold  type  aromatic  crossllnk- 
lng  of  proteinaceous  substances.  Such  a  mechanism  Is  not  entirely  unexpected. 

As  early  as  1932,  based  upon  his  observations  on  other  Crustacea,  Yonge  (47)  speculated 
that  the  secretion  of  the  cement  gland  of  the  Clrrlpedia  may  be  similar  to  the  cuticle. 

Thomas  (48)  elaborated  on  this  Idea  by  attempting  to  show  that  the  cement  glands  of  the 
Clrrlpedia  are  modified  tegumental  glands,  although  these  glands  In  the  Balanidae  were 
not  found  and  described  until  much  later  (5).  In  the  meanwhile,  Pryor's  classical  works 
(11,  17)  elucidated  a  great  deal  of  the  hardening  mechanism  of  cutlcular  protein  by  Intro¬ 
ducing  the  concept  of  aromstlc  crosslinkages.  In  his  scheme,  free  amino  or  other  reactive 
groups  of  the  protein  are  crossllnked  by  an  ortho  qulnone,  which  Is  formed  from  monophenols 
via  diphenols  by  a  phenolase  catalyzed  oxidation.  Although,  based  upon  the  combination  of 
these  early  results,  several  authors  (49,  50,  51,  52)  speculated  whether  the  barnacle 
cement  could  be  "qulnone  tanned  protein,"  chemical  or  hlstochemlcal  analysis  of  the  adhesive 
of  the  Balanidae  was  not  attempted  until  recently. 

In  one  of  these  early  attempts,  Lacombe  (53)  Indicated  acid  mucopolysaccharide  In  both 
the  intra-  and  extracellular  secretion,  but  Lindner  and  Dooley  (54)  showed  the  proteinaceous 
nature  of  the  cement  and  determined  Its  amino  acid  profile.  Shortly  thereafter,  Lindner  and 
Dooley  (55)  and  Saroyan  et  al.  (56,  57)  reported  result*  which  were  already  suggesting  con¬ 
currency  with  the  qulnone  crosslinking  mechanism.  The  subsequent  results  of  Hillman  and 
Nace  (58)  and  Cook  (59)  were  In  agreement  with  the  proteinaceous  nature  of  the  barnacle 
cement.  By  hlstoenzymology,  Arvy  et  al.  (60)  found  alkaline  phosphatase  activity  In  the 
cementing  apparatus,  and  Arvy  and  Lacombe  (61)  claimed  that  succlnodehydrogenase  was 
demonstrated  In  young  cement  glands.  Shimony  (62)  speculated  that  arylsulfatase  found  In 
the  mantle  tissue  could  be  associated  with  sulphated  mucopolysaccharides  In  the  hardening 
process  of  the  adhesive.  But  recently,  Lindner  et  al.  (63)  demonetised  the  enzyme  associated 
with  aromatic  crosslinking  of  the  adhesives.  This  type  of  hardening  mechanism  of  the  barna¬ 
cle  adhesive  Is  Indicated  by  a  series  of  results. 

1.  In  support  of  the  hlstochemlcal  results  which  Indicated  a  proteinaceous  adhesive 
containing  free  amino  groups  and  reducing  compounds,  Instrumental  analysis  showed  protein 
In  excess  of  80Z  of  the  dry  weight  of  the  adhesive  of  the  barnacle  Balanus  crenatus.  The 
relatively  high  lysine  content  In  the  protein  fraction  is  probably  the  major  source  of  free 
amino  groups  tor  crosslinking. 


658 


2.  The  extreme  reel* tenets  of  the  herdened  cement  toward  dieiolution  It  an  indication 
of  the  character  of  the  croeelinks.  Reels tancy  toward  selected  salt  solutions  and  dilute 
acid  or  alkali  solutions  rules  out  weaker  than  covalent  bends,  such  as  hydrogen  or  salt 
bonds,  as  major  stabilizing  links.  Resistancy  toward  thloglycollate  rules  out  disulfide 
bonds  also.  Complete  hydrolysis  in  strong  hot  acids  and  clkalls  suggests  crosslinks  with 
a  bond  dissociation  energy  close  to  that  of  the  peptide  bond  and  rapid  dissolution  In 
strong  oxidizing  agents  (NaOCl)  Is  suggestive  of  the  destruction  of  aromatic  crosslinks. 

3.  Free  radicals  were  found  trapped  in  the  hardened  adhesive.  Such  free  radicals 
have  to  be  relatively  stable.  Semlqulnones  are  one  type  of  such  rare  stable  free  radicals 
(34)  which  can  survive  for  an  appreciably  long  time.  The  EFR  spectra  of  the  hardened  ad* 
hesive  shows  absorption  which  corresponds  with  that  reported  In  the  literature  for  quinone 
type  free  radicals  (35,  36).  Attempts  to  Isolate  the  crosslinking  quinone  or  Its  phenolic 
precursor  from  the  barnacle  adhesive  have  not  yet  been  successful.  However,  reducing 
compounds,  other  than  thlo  compounds,  were  indicated  both  in  the  hardened  adhesive  and 
Inside  the  cement  glands  by  hlstochemical  methods.  In  the  cytoplasm  of  the  gland  cells  a 
slight  absorption  of  ferrous  Iron  could  suggest  possibility  for  o-qulnhydrone,  which  forms 
an  Iron  complex. 

4.  Model  reactions  Indicated  that  the  product  of  the  reaction  between  quinone 
derivatives  and  compounds  with  free  amino  groups  develops  characteristic  absorption  bands 
In  the  near  UV  region  between  300  and  360  nm.  The  characteristics  of  this  absorption  are 
dependent  upon  the  reacting  species  and  the  type  of  resulting  bond.  TLC  of  the  barnacle 
adhesive  hydrolyzed  by  Ba(0H)2  indicated  only  partial  hydrolysis.  This  hydrolysate  showed 
absorption  at  about  325  nm,  typical  for  proteins  crosslinked  by  enzymatically  produced 
o-quinone. 


5.  The  elemental  analysis  and  the  amino  acid  profile  of  the  barnacle  adhesive  show 
similarities  to  those  of  the  byssus  of  the  mussel  Mvtllus.  a  quinone  crosslinked  protein 
(37).  The  mussel  byssus  Is  somewhat  higher  in  protein  and  higher  In  glycine  and  alanine 
content,  but  the  other  significant  amino  acids:  aspartic  acid,  glutamic  acid  and  lysine, 
appear  In  about  the  same  ratio  In  both  the  barnacle  and  missel  secretions.  The  similarity 
between  the  IR  spectra  of  the  barnacle  and  mussel  adhesives  Is  another  indication  for  the 
barnacle  cement  having  a  chemical  composition  similar  to  that  of  a  known  quinone  cross¬ 
linked  protein. 

6.  By  Incubation  with  DOPA,  phenolase,  the  enzyme  connected  with  quinone  cross- 
linking  mechanism,  was  demonstrated  In  the  hardened  cement,  particularly  In  the  cyprld 
cement,  Inside  the  secreting  duct  network,  and  most  significantly  Inside  the  cement 
glands.  Larger  phenolase  concentrations  In  the  cytoplasm  appear  to  coincide  with  areas 
having  concentrations  of  tryptophan  and  an  Isoelectric  point  around  6.  Since  the  optimum 
activity  of  phenolase  occurs  between  pH  6  and  7,  activation  of  a  proenzyme  In  these  loca¬ 
tions  Is  Indicated. 

7.  Phenolase  catalyzed  crosslinking  Is  usually  accompanied  by  dark  melanin  forma¬ 
tion  (30),  although  light  colored  sclerotlzed  structures  are  also  known.  The  barnacle 
adhesive  has  a  light  yellowish  color  even  when  dry,  nevertheless,  traces  of  melanin  type 
compounds  were  Indicated,  at  least  in  the  cyprld  cement,  by  their  silver  reducing  charac¬ 
teristics  . 

Although  It  is  recognized  that  far  more  work  is  necessary  for  thorough  understanding 
of  the  hardening  mechanism  of  the  barnacle  adhesive  cement,  there  Is  a  series  of  compiled 
evidence  that  at  least  one  type  of  the  major  crosslinks  responsible  for  Its  hardening  Is 
brought  about  by  a  mechanism  similar  to  that  of  the  extensively  studied  arthropod  cuticle 
sclerotlzatlon.  Tryptophan  may  have  a  possible  role  In  this  hardening  mechanism,  since 
It  appears  In  large  concentrations  In  the  gland  Itself  but  not  In  the  hardened  cement.  In 
view  of  the  work  of  Dennell  (64,  65),  Pryor  (66)  and  Fuzeau-Braesch  (67,  68)  tryptophan 
might  be  a  potential  candidate  as  a  hardening  agent,  especially  for  light  colored  struc¬ 
tures,  such  as  the  adhesive  cement  of  the  barnacles. 

The  facts  that  there  Is  only  one  type  of  gland  In  the  barnacle  to  secrete  the  protein, 
phenolics  and  enzyme  and  that  there  Is  a  lack  of  detectable  phenolic  precursors  raise 
the  question  whether  this  mechanism  is  not  a  type  of  "strict  autotanning"  speculated  by 
Mason  (69)  Involving  a  phenolase  catalyzed  oxidation  of  phenolase  Itself  In  the  absence  of 
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other  substrate*.  In  this  scheme,  the  phenolase  acts  upon  Itself  by  oxidising  the 
phenolic  groups  (tyrosine  for  example)  attached  to  Its  peptide  backbone.  These  oxidised 
phenolic*  can  then  react  with  the  free  amino  groups  of  other  phenolase  molecules  to  pro* 
duce  a  crosslinking.  The  inactivation  of  the  phenolase  during  catalytlcal  oxidation  of 
dlphcnol  (70,  71,  72,  73,  74,  75)  Is  indicative  of  the  possibility  of  such  a  mechanism. 

The  quinones  formed  by  the  oxidation  of  the  dlphenols  are  expected  to  react  with  any 
available  free  amino  groups.  The  nearest  amino  groups  that  the  qulnone  molecule  comes  In 
contact  with  are  probably  the  ones  attached  to  the  same  protein  molecule  which  just  created 
It  by  catalytlcal  oxidation.  Thus,  the  phenolase  molecules  become  crossllnked  by  their  own 
qulnonold  products,  thereby  losing  their  ensymatlc  activity.  The  recent  findings  of  Locke 
and  Krlahnan  (76)  that  the  cuticular  protein  may  be  composed  of  phenolase  ensyme  Is  another 
Indication  for  the  phenolase  being  its  own  substratum.  Alto,  an  "autotanning"  or  "self- 
tanning"  mechanism  was  proposed  (40,  41,  77,  78,  79,  80,  81)  In  which  there  are  no  separate 
phenolic  precursors,  but  the  protein  molecules  crosslink  through  the  oxidised  phenolic 
groups  of  the  tyrosine  residues  of  the  protein  molecules.  This  mechanism  Is  supported  by 
the  observations  that  phenolase  is  capable  of  oxidising  tyrosine  residues  of  some  proteins 
(82,  83,  84,  85,  86,  87,  88).  If  the  phenolase  ensyme  Itself  has  tyrosine  residues  In  Its 
peptide  chain  available  for  such  oxidation  and  Also  contains  free  amino  groups  to  react 
with  quinones,  there  appears  to  be  no  reason  why  the  phenolase  could  not  oxidise  some  of 
Its  own  tyrosine  residues  to  a  reactive  qulnonold  specie*  which  then  could  react  with  the 
amino  groups.  In  such  a  three-in-one  fashion  the  phenolase  could  be  the  activating 
ensyme.  Its  own  substrate  and  the  protein  to  be  crossllnked,  thus  making  a  strict  auto- 
crossllnklng  mechanism  possible. 
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TABU  5 

KUNOTAL  iXALXSXS 


iisarr 

%  n  taxon  n  samfu 

**oX*  9  nut 

I 

1 

1 

0 

liU.6 

Uul 

i 

6J6 

6.36 

■ 

lk.0 

l$.k 

Estimated  protela  ocntaat 

«T  .5 

96Jk 

TABUS  6 


AMINO  ACID  ANALYSIS  IN  HEIGHT  R  ECENT 


NAME 

FORMULA 

BARNACLS 

CSMEHT 

:US52L 

BY33U3 

alanine 

valine 

leucine 

leoleuclne 

praline 

phenylalanine 

tryptophan 

methionine 

cystine 

Mon-polar  anino  acids 
HOOC-OH(NH2)*CH3 

HOOC-CH(KHo  )-CH(-CH3 )2 

H00C-CH(i!H2  )-CH2-CH(CH3  )2 

H00C-CH(NH2  )-CH-(CH3  J-CHg-CH, 
KOOC-CH-ini-C^-CHg-Cl^ 

H00C-CH(NIt2  J-CHjrCgHg 

H00C-CH(NH2  )-CH2-<5 

H00C-CH(NH2  j-CHg-CI^-S-CHj 

HOOC-CHdrHg  J-C^-S-S-CHj-CHCIHj  )-cooh 

k.5 

k. 5 

6.3 
3.? 

5.3 

3.5 

not  det 

0.3 

l. 2 

8.5 

2.9 

3.U 

2.2 

2.6 

1.5 

ermlned 

o.k 

Clyeine 

serine 

threonine 

tyrosine 

cysteine 

Uncharged  polar  anino  acids 
HOOC-CH(ni2)-H 

H00C-CH(MHg  )-CHg-OH 

hooc-ch(mh2  )-ch(ch3  )-oh 

HOOC-CHOragJ-Cl^-C,  I^-OH 
HOOC-CHOrHjJ-CHa-SH 

6.5 

5.6 

5.5 

2.3 

2.7 

22.9 

3.9 

3.k 

0.9 

1.2 

aspartlo  add 
asparagine 
glutamic  acid 
glutamine 

Acidic  anino  acias  and  t..eir  amides 
HOOC-CHClHj  J-CHj-COOH 

HOOC-CH(MH2 )-CH2-C0-MK2 

HOOC-CHtNHg  )-CH2-CH2-COOH 

HOOC-CHOIHj,  )-CH2-CH2-CO-irH2 

8.1i 

8.7 

7.0 

7.5 

lysine 

arginine 

histidine 

Basic  amino  adds 

HOOtW3H(lM2  J-CHj-CHj-CHg-CHg-LTIg 

Hooc-CHdra2  )-ch2-cii2-ch2-nh-c  (-l!H)-:iH2 
::00C-CHd."I2  J-CH^-CU-N-CH-nH 

8.6 

6.3 

2.0 

6.0 

ll.7  ! 
li.3 

Total 

■38.9 

35.3 
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rigor*  2.  Miorotcne  section  of 
oement  gland  of  adult  barnacle, 
Balanua  orsnatua . 


Figure  1.  Adult  Balanua  orenatua 
secreting  cement  In  an  attempt  to 
reattach  itself. 


Figure  3.  Incorporation  of  S^O^' 
by  cement  gland  nucleus  of  Balanua 
orsnatua.  ' 


Figure  U.  Melanin  reaction  in 
larval  eeaant. 
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Figure  6.  EHt  apeotrua 
of  seoondery  cement  of 
Balanua  orenatua. 


Figure  7«  Infrared  tpeotra  of  barnacle  cement 
and  auaaal  adheaiT.  patch. 


Figure  8.  Ultraviolet  apectra  of 
SN  BDl  hydrolysate  of  nuasel 
byssus  (alao  ahown  In  tenfold 
concentration)  and  of  Ba(0B)2 
hydrolysate  of  barnacle  c enact 
(alao  ahown  In  tenfold  ooooentratlon). 
Also  ahown  are  the  apeotra  of  synthet¬ 
ically  o-  and  p-qulnooe  orosallnked 
model  polypeptides. 
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Figura  9.  Phanolaaa  anayna  danonatratad  in  hardanad  canant  and  In  saoratory 
duots. 


FI  jura  10.  Microtona  aeotlon  through  camant  glands  of  Balanua  crenatua  showing 
altos  of  phanolasa  aetlrity.  " 
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Discussion 


Crisp;  I  wasn't  quite  clear  of  the  evidence  for  autopolimerization  by  a 
single  molecule.  Was  it  because  the  phenol  was  not  found  to  be  present  in 
the  cell? 

Lindner :  There  is  really  no  evidence  for  auto-crosslinking.  It  is  just 
a  speculation  at  this  time.  This  type  of  crosslinking  was  first  proposed 
by  Blower  in  1919,  for  the  same  reason,  namely,  that  he  could  not  find 
a  phenotic  precursor  for  the  crosslinking.  Soon  after  this,  a  partial 
quinone  crosslinking  was  proposed  for  the  mussel  bases  itself. 

Crisp;  I  asked  because  Dr.  Walker  has  found  that  there  was  a  ferric-chloride 
reaction  in  the  cell  which  indicated  an  ortho-phenol  so  that  perhaps  there 
is  after  all  a  precurser. 

Lindner;  Thank  you  very  much.  That  would  be  a  very  interesting— indeed 
it  would  help  to  make  this  mechanism  more  understood. 

Barnes;  Perhaps  I  might  ask  a  question.  I  do  not  think  really  this  problem 
that  you  pose  of  a  cell  having  to  provide  several  things  and  getting  them 
mixed  at  the  right  time  is  at  all  peculiar.  I  think  this  is  one  of  the 
mysteries  of  science  how  cells  can  do  this  sort  of  thing,  and  while  it's 
puzzling  and  one  ought  to  know  more  I  don't  think  there  is  any  reason  to 
despair  if  one  has  to  postulate  a  mechanism  which  seems  to  come  from  cne 
cell.  One  could  suggest  that  there  might  be  some  activation  at  the  time 
at  which  a  particular  secretory  product  is  released  from  a  cell  and 
which  takes  place  only  at  that  time  for  some  reason  we  do  not  know.  When 
you  speak  about  primary  cement,  I  take  it  you  mean  cyprid  cement  or  are 
you  suggesting  that  there  is  yet  another  primary  and  secondary  cement  in 
the  adult? 

Lindner;  No.  What  I  mean  by  primary  cement  is  that  normally  secreted  by 
the  adult.  We  called  the  secondary  cement  that  which  results  after 
detachment  and  on  reattachment.  I  think  we  now  have  enough  evidence  both 
histological  and  histochemical  to  consider  the  primary  and  secondary  cement 
identical  as  far  as  chemical  composition  goes,  and  this  is  probably  the 
same  as  the  cyprid  cement.  A  comment  on  the  activation  of  such  materials, 
that  is  why  I  tried  to  stress  the  isoelectric  point  in  those  areas  in  which 
phenolase  activity  was  found  in  the  cytoplasm:  any  change  in  the  isoelectric 
point  may  be  an  activator  for  the  phenolase. 

Barnes:  One  other  point.  Did  you  look  for  ascorbic  acid  in  these  cells7 
This  has  been  implicated  by  some  people  in  the  process  of  quinone  tanning 
of  integuments.  Had  you  any  evidence  for  this?  The  presence  of  ascorbic 
acid  might  interfere  with  other  tests  because  of  its  intense  reducing 
properties . 

Lindner:  No,  we  didn't  look  for  ascorbic  acid.  This  is  one  question  which 
I  can  perhaps  answer  four  years  from  now. 


Spore  Settlement  In  delation  to  Fouling  by  Enteronorpha 


A.  0.  Christie 

International  Red  Hand  Marine  Laboratory,  Newton  Ferrers, 

Devon,  England. 


An  investigation  Into  sporo  settlement  as  the  crit- 
leal  stage  In  fouling  by  Enteromorpha  has  shown  that 
several  factors  contribute  to  the  success  of  this  fouling 
alga.  Under  suitable  conditions  of  surface  roughness 
zoospore  attachment  can  occur  in  seconds.  The  rapid 
sequence  of  changes  shown  by  electron  microscopy  to  occur 
during  the  first  few  hours  of  settlement  Include  the 
elaboration  of  a  comparatively  thick  protective  wall 
which  Increases  spore  resistance  to  toxic  action.  The 
adhesive  secreted  by  the  settling  zoospore  is  amenable 
to  enzymatic  digestion  and  offers  the  possibility  of  a 
novel  method  for  control. 

Key  Words:  SltgfgBgrphfl  fine-structure, 

settlement,  thigmotaxis,  zoospore. 


1.  Introduction 

Algal  fouling  has  been  recognised  as  a  serious  economic  problem  only  In 
comparatively  recent  years,  but  nevertheless  it  is  one  which  is  liable  to 
become  progressively  severe  as  trends  continue  towards  larger  ships  and 
Increased  periods  between  drydocklngs.  From  the  antifouling  viewpoint  a 
sound  knowledge  of  the  biology  of  this  particular  type  of  fouling  is  import¬ 
ant  and  this  paper  presents  our  approach  to  fouling  by  the  green  alga 
Snlgf-gBgffbA. 

By  the  mid-sixties  it  had  become  apparent  that  copper  based  antifouling 
compositions  were  not  performing  efficiently  in  tanker  operation  and  demanded 
a  more  detailed  biological  investigation  of  this  situation.  A  survey  of  the 
fouling  on  twenty  oil  tankers  docking  In  European  waters  showed! 

(1)  Fouling  samples  were  almost  entirely  algal. 

(2)  The  number  of  different  algal  types  encountered  was 
limited  and  independent  of  routing. 

(3)  The  percentage  frequency  of  occurrence  was  Enteromorpha  75$, 
BfijgSMfflia  130.  ClaflgPhgra  50.  Chaetomornha  5%.  others  20. 

The  ubiquitlty  of  green  algae  and  the  dominance  of  Enteromorpha  imme¬ 
diately  singled  out  this  algal  genus  for  special  attention! Since  the 
species  Enteromorcha  lntestlnalla  had  been  frequently  observed  In  tanker 
fouling  samples  and  was  also  locally  available,  this  alga  was  selected  for 
study  in  a  programme  designed  to  obtain  a  better  understanding  of  the  events 
taking  place  during  the  Initial  attachment  of  swarm  spores. 

Experimental  material 

Fronds  of  Enteromorpha  are  collected  from  mid-shore  level  In  an  area  of 
freshwater  drainage  at  Newton  Ferrers.  Devon,  England.  Toe  time  of  collec¬ 
tion  of  shore  material  is  important  since  spore  release  shows  a  marked  tidal 
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periodicity  with  maximum  spore  liberation  occurring  three  to  five  days  before 
the  highest  tide  of  each  lunar  period  (l)1.  Zoospore  liberation  reaches  a 
peak  about  five  days  before  the  maximum  tide  of  the  bimonthly  cycle  with  the 

?eak  In  gamete  liberation  following  ‘wo  to  three  days  later.  Fruiting 
ronds,  indicated  by  the  presence  of  bleaching  at  their  tips,  are  washed  in 
fresh  water,  placed  individually  In  specimen  tubes  and  flooded  with  filtered 
sea  water.  Spores  are  generally  released  within  a  few  minutes  and  samples 
removed  for  identification.  Sporophyte  plants  produce  quadriflagellate  zoo¬ 
spores  whilst  morphologically  identical  gametophyte  plants  produce  bi- 
flagellate  male  or  female  gametes.  Zoospores  and  gametes  are  distinguished 
by  flagellar  count  and  gametes  sexed  by  observation  of  cross  fusion. 

Settlement  in  Ent*. .  on  ^  -  ;  .yslcal  aspects. 

All  three  types  of  swam  spore  produced  by  Enteromorpha  are  capable  of 
settlement  but  the  rates  at  which  settlement  takes  place  vary  greatly.  Uhder 
certain  conditions  of  light  and  temperature  some  swarmers  of  Enteromorpha  can 
maintain  an  independent  motile  existence  for  up  to  eight  days  (2).  Laboratory 
experiments  on  settlement  rates  on  glass  and  polystyrene  surfaces  show  consid¬ 
erable  individual  variations,  although  the  general  order  of  settlement  rate, 
zoospores fused  gametes>gametes  is  Invariable.  An  explanation  for  these 
observations  lies  in  the  response  of  zoospores  to  surface  contact  (thlgmo- 
taxis).  Zoospores  in  suspension  in  sea  water  and  placed  as  a  convex  drop  on 
a  smooth  hydrophobic  surface  are  reluctant  to  settle  and  congregate  presumably 
at  a  site  of  preferred  light  intensity  at  the  air/water  Interface.  If 
liquid  is  then  removed  to  facilitate  contact  between  the  spores  and  the  sur¬ 
face  rapid  settlement  results.  Such  a  thigmotactic  response  is  known  (3)  to 
occur  with  spores  of  the  filamentous  brown  alga  Ec toe arcus  allowed  to  settle 
overnight  on  grooved  Teflon.  A  similar  but  very  rapid  response  to  surface 
contact  can  be  readily  demonstrated  with  zoospores  of  Enteromorpha.  Zoo¬ 
spore  suspensions  on  finely  grooved  Teflon  were  brought  into  surface  contact 
by  positioning  a  coverslip  over  the  convex  drop.  After  one  minute  the  cover- 
slip  was  removed  and  the  Teflon  piece  rinsed  in  sea  water.  Photomicrographs 
taken  within  five  minutes  of  Initial  contact  with  the  zoospore  suspension 
are  shown  (Fig.l). 

Zoospores  from  fronds  kept  under  laboratory  conditions  for  some  days 
often  show  no  thigmotaxis.  similar ily,  zoospores  held  in  suspension  show  a 
decreasing  thigmotaxis  with  time.  Gametes  have  never  been  observed  to  show 
a  thigmotactic  response  to  grooved  surfaces,  settlement  taking  place  gradually 
over  a  period  of  days.  Paired  gametes  have  been  observed  to  settle  in  Teflon 
grooves  within  five  minutes  of  fusion  but  do  not  exhibit  marked  thigmotaxis. 

Conditions  of  light,  temperature  and  salinity  also  Influence  settlement 
(4).  On  glass  surfaces  the  initial  settlement  rate  was  higher  in  daylight 
than  in  darkness  and  optimum  settlement  occurred  at  a  temperature  of  23 °C 
and  a  salinity  of  26° /<■<».  Successful  settlement  was  recorded  over  a  tem¬ 
perature  range  of  4-38°C  and  a  salinity  range  of  2. 5-52%  0  These  results 
accord  well  with  the  general  situation  occupied  on  the  shore  by  Enteromorpha 
and  also  serve  to  demonstrate  how  conditions  on  a  tanker  hull  provide  a 
niche  for  this  fouling  alga. 

Settlement  in  Enteromorpha  -  fine  structure 

Due  to  the  size  of  the  spores  (zoospores  10  x  6  ji,  gametes  7  x  3  fi) 
observations  by  light  microscopy  are  limited.  Settlement  of  zoospores  of 
Enteromorpha  has  therefore  been  followed  using  electron  microscopy  of  thin 
sections  (5)<  The  series  of  electron  micrographs  (Fig. 2)  summarises  the 


Figures  in  parentheses  indicate  the  literature  references  at  the  end  of 
this  paper. 
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ultrastructure  of  a  swimming  zoospore  and  the  changes  talcing  place  during  the 
first  four  hours  after  settlement.  The  swimming  spore  (Fig. 2,  1  &  2)  with  a 
central  nucleus  is  bounded  only  by  a  plasmalemna  and  the  basal  region  is 
occupied  mainly  by  the  chloropie enclosing  the  starch  grains  erne)  pyrcnoia. 
The  anterior  portion  (Fig.  2.2)  contains  many  Golgi-derived  electron-dense 
vesicles  which  contain  adhesive  material.  On  settlement  (Fig.  2,3)  the 
adhesive  material  is  secreted  as  a  fibrillar  substance  attaching  the  cells  to 
the  substratum.  A  cell  wall  appears  soon  after  initial  settlement  and  after 
four  hours  has  thickened  considerably.  Comparison  with  the  free-swimming 
stage  indicates  that  considerable  physical  protection  is  provided  within  a 
short  time. 


to  the  effect  of  poisons 


The  ability  of  zoospores  to  settle  within  seconds  in  response  to  a  high 
level  of  surface  contact  and  the  rapid  sequence  of  events  leading  to  the 
development  of  a  thick  cell  wall  suggested  that  settled  zoospores  might  be 
more  resistant  to  toxic  action  than  freo-swimming  zoospores. 


This  has  been  tested  in  toxicity  experiments  based  on  sporeling  counts 
after  five  days  growth  over  a  range  of  poison  concentrations.  With  organo- 
metallic  poisons,  spores  allowed  to  settle  in  the  dark  for  24  hours  before  the 
addition  of  poison  show  an  Increase  in  ID*o  (the  poison  concentration  required 
to  kill  50#)  between  three  to  five  times  that  obtained  using  a  suspension  of 
zoospores  as  a  control.  The  rate  at  which  this  protection  Is  afforded  is  of 
practical  importance  and  was  tested  in  the  following  experiment.  Uniform  1ml 
aliquots  of  a  freshly  obtained  suspension  of  zoospores  were  rapidly  Inoculated 
into  a  series  of  Storilin  petri-dishes  containing  7ml  sea  water.  After  five 
minutes  the  dishes  wore  drained  and  filled  with  filtered  sea  water.  At  0,  5, 
10,  15,  30,  60  and  120  minutes  the  sea  water  was  discarded  and  replaced  by 
triphenyl  tin  chloride  at  concentrations  of  .01,  .005,  .002,  .001  and  .0005 
p.p.m.  in  sea  water  supplemented  with  soil  extract,  nitrate  and  phosphate. 
After  five  days  illumination  sporeling  counts  were  taken  and  the  IDjn  values 
calculated  for  poison  additions  at  the  different  settlement  times.  The 
drainage  proceedure  inevitably  introduced  more  variability  than  normally 
experienced  in  toxicity  tests  with  Enteromornha  but  despite  thi3  a  progressive 
change  in  IDjo  values  was  obtained.  Spores  settled  for  five  minutes  prior 
to  poison  addition  gave  an  UD50  value  of  .002  p.p.m.  increasing  to  .005  p.p.m. 
when  poison  was  added  after  sixty  minutes. 


Since  fouling  can  be  initiated  by  zoospores,  gametes  and  fused  gamete 
pairs  it  is  useful  to  compare  the  relative  susceptibility  of  these  forms  to 
toxic  action.  However,  the  inherent  variability  associated  with  results 
based  on  a  five  day  germination  test  in  which  bacteria  and  diatoms  are 
unavoidably  present  as  contaminants  casts  doubt  on  absolute  values.  As  a 
generalisation  zoospores  and  fused  gamete  pairs  both  allowed  to  settle  for 
24  hours  prior  to  the  test  give  comparable  LD50  values.  These  values  drop  by 
a  factor  of  three  to  five  for  swimming  zoospores  and  large  female  gametes  and 
a  further  factor  of  two  for  the  smaller  male  gametes. 


Biochemical  aspects  of  settlement 

The  biochemical  nature  of  the  adhesive  secreted  by  the  settling  zoospores 
of  Enteromorpha  is  of  considerable  interest  since  an  understanding  of  the 
mechanism  of  spore  adhesion  might  lead  to  alternative  practical  control 
methods.  Two  approaches  have  been  made  to  this  problem  both  of  which  lead  to 
the  conclusion  that  the  secreted  adhesive  is  mainly  proteinaceous.  Electron 
microscopy  (5)  of  spores  incubated  in  trypsin  during  settlement  showed  complete 
digestion  of  secreted  fibrillar  adhesive.  In  a  parallel  series  of  experi¬ 
ments  (6)  the  adhesion  of  zoospores  was  used  as  the  criterion  to  test  the 
effects  of  various  enzymes  on  attachment.  Although  it  is  "ery  difficult  to 
make  quantitative  measurements  of  the  bond  strength  between  spore  and  surface 
the  use  of  a  standardised  water  Jet  provided  information  on  relative  adhesion 
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undor  different  experimental  conditions.  Those  experiments  showed  that 
adhesion  to  glass  improved  rapidly  during  the  first  hours  after  attachment 
presumably  due  to  physical  changes  taking  place  in  the  socrotod  adhosivo. 
Certain  proteolytic  enzymes  notably  pronase  and  trypsin  and  the  carbohydrase 
aC-ai'ylas®  exerted  a  narked  effect  on  the  strongth  of  adhesion  and  the 
results  were  consistent  with  the  interpretation  that  the  adhesive  secreted  by 
the  settling  zoospore  is  a  glyco-protein. 

The  success  of  proteolytic  enzymes  in  solution  (lmg/ml)  in  destroying 
the  adhesion  of  settling  zoospores  suggested  that  surfaces  carrying  covalently 
linked  proteolytic  enzymes  might  offer  a  novel  method  for  biological  control 
of  Bntoronorpha.  Laboratory  investigation  by  the  wator  jet  method  required 
ideally  a  smooth  and  transparent  surface  and  this  imposed  limitations.  It  is 
possible  (7)  to  link  enzymes  to  glass  and  lOnm  diameter  coverslips  theoret¬ 
ically  containing  1  -  ltoig  trypsin  we  re  prepared  by  Dr.  Weetall  of  the 
Coming  Glass  Company,  Now  York.  Ho  significant  difference  in  the  adhesion 
of  zoospores  were  found  between  control  and  experimental  surfaces.  In 
further  experiments  the  TiClj.  method  (8)  has  been  used  to  couple  pronaso  to 
regenerated  cellulose  micropore  filters.  It  is  difficult  to  observe  spores 
on  this  type  of  opaque  surfaco  but  settled  sporos  remained  on  experimental 
surfaces  indicating  that  the  surfaco  activity  of  the  enzyme  was  again 
insufficiently  high.  Limited  algal  control  has  been  achieved  by  incorporating 
pronase  (1}»)  into  an  acrylic  binder.  With  improved  enzyme  technology  biolog¬ 
ical  control  might  still  bo  possible. 

Discussion 

The  fact  that  the  life  cycle  in  Entoronomha  lntcstinalls  comprises  a 
regular  alternation  betv/een  sporophyte  and  ganetophyte  generations  (9) 
prosents  the  added  complication  of  three  types  of  reproductive  body.  Zoo¬ 
spores,  male  and  female  gametes  must  all  be  considered  along  with  fused 
gamete  pairs  as  potential  fouling  organisms.  From  the  results  presented 
here,  the  thignotactlc  response  of  zoospores  allowing  rapid  settlement  and 
further  rapid  development  of  a  protective  cell  wall  might  suggest  their 
major  involvement  in  practice.  Although  the  possibility  of  initiation  of 
Enteromorcha  fouling  by  gametes  does  exist  it  would  bo  interesting  to  loiow 
whether  gametophyte  plants  of  this  alga  do  predominate  in  tanker  fouling. 

One  aspect  of  the  present  work  which  is  at  variance  with  practice  is  the 
susceptibility  of  zoospores  to  toxic  action  determined  under  laboratory  con¬ 
ditions.  The  example  given  here  of  0.002  p.p.m.  a3  the  LD^q  value  for  tri¬ 
phenyl  tin  chloride  is  typical  of  the  order  of  toxicity  obtained  with  organo- 
tins  that  are  currently  used  in  antifouling  compositions.  At  this  level  of 
toxicity  it  ought  to  be  possible  to  design  antifoulings  based  on  organotin 
compounds  which  would  be  completely  effective  in  controlling  Entcromorpha: 
practical  experience  is  rather  different!  On  this  basis  there  must  be  addi¬ 
tional  reasons  why  Enteronornhi  constitutes  a  fouling  problem  at  all.  Perhaps 
the  most  important  is  its  filamentous  mode  cf  growth.  The  surfaco  is 
required  only  to  provide  anchorage,  once  a  sporellng  has  established  itself 
on  an  antifoullng  surface  and  succeeded  in  growing  beyond  any  boundary 
layer  of  poison  then  continued  growth  appears  inevitable.  In  practice, 
settlement  is  most  likely  to  occur  aider  stationary  conditions  when  leaching 
from  the  antifouling  surface  is  at  a  minimum.  Under  these  circumstances  it 
is  probable  that  the  rapidity  of  zoospore  attachment  and  the  development  of 
increased  resistance  to  toxic  action  play  a  large  part  in  the  success  of 
Enteromorpha  as  a  fouling  alga. 

The  ability  of  proteolytic  enzymes  to  interfere  with  spore  adhesion 
offers  an  alternative  method  of  control  of  -literomorpha.  Despite  the  fact 
that  the  enzyme-coupled  surfaces  were  not  sufficiently  active,  insolubilized 
enzymes  form  an  expanding  area  of  technology  with  many  developments  in 
prospect.  The  practicability  of  this  type  of  approach  is  not  only  dependent 
on  these  but  also  on  the  nature  of  the  adhesives  secreted  by  the  settling 
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spores  of  other  fouling  algae.  As  far  as  Ectocarpus  Is  concerned  both 
polysaccharide  and  protein  are  present  In  the  secreted  adhesive  (10). 

Part  of  our  current  fundamental  research  effort  Is  directed  to  studies  of 
the  biochemical  nature  of  adhesives  secreted  by  settling  spores  In  certain 
green,  brown  and  red  algae.  Should  the  overall  picture  provide  sufficient 
similarities  enzymatic  control  of  algal  fouling  would  provide  an  exciting 
prospect. 
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Fig.  14.  Photonicrograph  of  zoospores  settled  in 
parallel  grooves  on  a  Teflon  surface.  The  initial 
contact  tine  with  swiiining  spores  was  ono  ninuto 
X100. 


Fig.  IB.  Portion  of  groove  as  Fig.  1A  x4?0. 
Fig.  1. 
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Fig.  2.  1.  3 v: lining  zoospore,  light  micrograph  X1000.  2.  L.J.  zoospore 

showing  chloroplast  (c),  nucleus  (n),  Golgi  body  (g)  and  dense  vesicles  of 
adhesive  (arrows)  Xl4000.  3.  Part  anterior  region  zoospore  with  adhesive 

vesicles  (v)  and  Golgi  body  (g)  showing  vesicle  production  (arrow)  X40000. 
4.  One  hour  settled  zoospores  in  L.3.  with  external  fibrillar  adhesive 
(arrows)  X1J000.  Part  of  a  settled  cell  (four  hours)  showing  thick 

wall  (w)  X28000. 
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Discussion 


Question:  I  was  wondering  whether  when  you  treat  the  settled  spores  with 
pronase  you  just  may  not  be  digesting  away  the  adhesion  of  the  cell  itself 
to  the  adhesive  and  not  digesting  the  adhesive  at  all  with  pronase. 

Christie:  We  have  some  additional  evidence  which  I  did  not  show  today  which 
concerns  the  electron  microscopical  approach.  If  you  remember ,  one  of 
the  slides  of  the  newly  settled  zoospores  showing  the  fibrillar  adhesive, 
if  you  allow  a  spore  to  settle  for  about  five  minutes  so  that  it  secretes 
this  adhesive  and  then  you  treat  it  with  trypsin  and  look  at  the  preparation 
in  an  electron  microscope  you  will  find  that  the  fibrillar  adhesive  has 
been  etched  away.  We  have  done  this  but  I  haven't  shown  the  picture;  this 
is  collaborative  evidence  that  perhaps  it  is  a  digestion  of  the  adhesive. 

It  certainly  disappears  with  this  treatment.  It  is  rather  difficult  to  do 
because  it  is  difficult  not  to  remove  the  cells  altogether,  so  that  you  have 
got  to  give  them  just  a  short  time  to  settle  and  a  short  burst  of  enzyme 
and  we  have  observed  this. 

Jones:  Just  a  comment  about  the  fine  structure.  You  showed  that  in  the 
sections  of  the  spores  you  had  electron  dense  material  in  the  vesicles. 

You  showed  later  on  when  you  saw  the  spore  Settling  or  after  the  spore  had 
settled  you  had  fibrillar  material.  In  sections  that  we  have  looked  at  in 
both  Polysyphonia  and  also  in  Enteromorpha,  we  find  that  you  have  electron 
dense  material  certainly  in  some  vesicles,  but  surrounding  it  is  a  halo 
of  fibrillar  material.  Do  you  have  any  evidence  of  this? 

Christie:  I  do  not  know  if  it  was  apparent  from  the  slides,  but  around 
these  small  vesicles  which  do  contain  the  adhesive,  there  is  a  second 
membrane  appearing  as  a  sort  of  banded  granulated  margin  around  them, 
but  we  never  really  thought — or  it  never  appeared  to  us  that  this  was 
fibrillar  material  and  we  have  always  assumed  that  the  material  inside  the 
vesicle  once  it  was  pushed  through  the  plasmalema  assumed  this  fibrillar 
appearance. 

Unknown :  We  found  in  working  with  the  secretions  of  the  mussel  byssus  that 
similar  vesicles  appeared  in  the  cell.  In  our  case  we  saw  the  fibrillae 
inside  as  well  as  outside  the  cell  and  I  would  like  to  call  to  your  attention 
the  work  of  Pygodorf.  He  pointed  out  that  in  the  case  of  actin,  soluble 
globular  actin  is  produced  in  the  cell  but  this  is  altered  to  insoluble 
fibrillar  actin.  The  fibrillae  are  insoluble  and  of  course  your  mucilage 
or  cement  in  this  final  stage  must  be  insoluble  to  withstand  sea  water,  but 
it  may  be  produced  in  the  cell  as  a  globular  protein  as  I  believe  you 
indicated. 

Christie;  This  aspect  of  physical  changes  in  the  material  from  inside  the 
cell  to  outside  the  cell  is  very,  very  clear  because  if  you  allow  spores  to 
settle  for  several  hours  before  you  try  the  effect  of  enzymes  on  them,  even 
pronase,  it  just  doesn't  budge  them.  So  there  are  obviously  big  changes 
in  the  physical  nature  of  that  adhesive  after  it  is  secreted  and  which  takes 
place  very  quickly.  I  really  meant  to  finish  off  the  paper  by  summing  up 
the  relationships  of  the  biological  approach  to  our  interest  on  the  anti¬ 
fouling  side  and  of  course,  I  failed  to  do  this,  but  perhaps  I  can  recapit¬ 
ulate  the  points.  The  first  point  is  the  thick-cell  wall  and  the  apparent 
increased  resistance  to  toxic  action.  The  second  is  this  very  rapid  settle¬ 
ment  response  to  the  grooved  surfaces.  The  third  one,  which  I  did  not  cover, 
is  the  growth  of  Enteromorpha.  If  it  establishes  itself  on  a  surface  then, 
once  it  grows  beyond  any  boundary  layer  of  poison  then  you  can  do  nothing 
to  stop  it.  The  fourth  one  which  was  brought  home  to  me  very  forcibly 
yesterday  by  Dr.  Moss's  paper  was  the  fact  that  these  spores  when  they  settle 
push  themselves  away  from  the  surface  and  increase  that  physical  distance. 

I  think,  therefore,  that  when  you  add  everything  up  together,  it  perhaps 
explains  this  apparently  anomalous  picture  of  the  great  sensitivity  of  free- 
swimming  spores  in  laboratory  tests  to  poisons,  whereas  in  practice 
Enteromorpha  is  a  severe  weed  to  control. 
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A  number  of  drying  treatments  have  been  investigated  gnd  tho  effeot 
on  the  production  of  swarmers  observed.  Cooling  to  5°C  gave  the  best 
results,  after  24  hours,  and  drying  under  an  infra-red  loon  tho  best 
at  6  hours.  Air  drying  was  also  beneficial  and  preferred  beonuae  of 
the  large  amount  of  material  required  for  eaoh  experiment.  Tho 
bubbling  of  the  oonmon  gases  N,,  0  and  CO.  through  seawater  contain¬ 
ing  the  alga  did  not  increase  the  yield,  except  for  whioh  first 
of  all  stimulated  swarner  production  but  later  suppressed  it. 

Initial  experiments  provided  qualitative  results  which  showed  that 
Enteromornha  swarmers  settled  at  water  speeds  up  to  9.0  knots.  In 
subsequent  quantitative  experiments,  where  the  panels  were  washed  before 
oulturing,  settlement  took  place  at  up  to  10.7  knots.  The  conclusion 
is  drawn  that  settlement  of  these  species  oan  occur  when  ships  are 
under  way  at  relatively  high  speeds.  It  is  also  concluded  that  settle¬ 
ment  can  probably  occur  at  water  velocities  well  in  excess  of  10  knots. 

Key  Words:  Water  velocity;  Enteromornha ;  Swarner  Settlement. 


1.  Introduction 

Species  of  Enteromornha  are  well  known  fouling  organisms  of  ships'  hulls.  These 
algae  belong  to  the  family  Ulvaceae  and  are  essentially  marine,  occurring  in  nature, 
mainly  in  the  littoral  sons  or  near  low  water  level.  They  are,  however,  found  in  fresh 
water,  and  several  of  the  marine  species  are  capable  of  existing  in  a  wise  range  of 
salinities,  often  ascending  well  into  estuaries,  especially  where  there  is  some  pollution 


Several  authors  (2)(3)(4)  have  investigated  the  effeot  of  water  velocity  in  the 
attachment  of  sedentary  arul  boring  organisms.  Although  there  is  some  disorepanoy  in 
the  literature  as  to  the  actual  speed  whioh  will  prevent  settlement,  it  anoears  that 
none  of  these  speoies  will  attaoh  when  the  \/ater  velocity  over  the  surface  is  in  excess 
of  two  knots.  It  seems  to  have  been  generally  accepted  that  a  similar  water  speed  would 
prevent  the  attachment  of  algal  speoies.  However,  experience  with  'Tankers'  and 
observations  in  the  field  where  settlement  has  oocurred  in  situations  where  there  is  a 
comparatively  fait  flow,  suggests  that  spores  are  oapable  of  attachment  even  under  con¬ 
ditions  of  high  water  velocities. 

It  was  deoided  to  investigate  this  phenomenon,  in  the  laboratory,  using  speoies  of 
Enteromoroha  oolleoted  from  Langstone  Harbour.  In  order  to  obtain  sufrioient  material 
for  the  experiments  various  methods  were  tried  to  increase  the  yield  of  swarmers. 


^Figures  in  parentheses  indioate  the  literature  references  at  the  end  of  this  paper. 
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2.  Materials  and  Methods 

Beoause  no  attempt  was  made  t  >  separate  soospores  and  sygotes  fomed  from  gamete 
fusion  the  term  swanner  has  been  used  throughout.  Thalli  of  Enteromoruhn  were  brought 
into  the  laboratory  and  placed  in  fresh  seawater  and  the  swarmers  colleoted  on  release. 
The  number  obtained  was  extremely  variable,  uhioh  may  have  been  due  to  the  lunar  rhythm 
(5)  or  to  some  suoh  factor  as  the  length  of  exposure  to  air.  In  an  attempt  to  obtain  a 
more  reliable  yield,  various  treatments  were  applied  to  the  thalli.  Tvre  approaches  were 
adopted,  one  in  which  the  Enteromorpha  was  kept  in  air  and  treated  and  tiro  other  where 
the  treatment  was  oarried  out  in  seawater.  These  are  referred  to  for  convenience  as 
'dry'  and  'wet'  treatments  respectively. 

The  freshly  colleoted  thalli  was  divided  into  a  number  of  samples  each  of  approxi¬ 
mately  100g  which  were  given  the  following  1  dry1  treatments: 

(a)  Untreated  oontrol 

(b)  Dried  under  a  275  watt  infra-red  lamp  plaoed  at  a  distance  of  50  cm  for 
periods  of  2,  4  and  6  hours. 

(o)  Air  dried  for  2,  6  and  24  hours, 

(d)  Cooled  to  5°C  for  2,  6  and  24  hours* 

(e)  Cooled  to  -12°C  for  2,  6  and  24  hours. 


After  being  ta-ea  ted  the  samples  were  plaoed  in  41  beakegs  containing  300  ml  of  a  aeawater 
Erdschreiber  medium  and  kept  at  room  temperature  (0.I8  C).  Three  5  x  7*5  om  glass  slides 
were  plaoed  in  each  beaker  to  aot  as  oolleotors.  They  were  left  in  the  medium  for  IS 
hours  to  allow  swamers  to  settle,  after  whioh  they  were  removed  and  kept  in  large  oulture 
trays  under  oonstant  illumination  for  one  week.  The  slides  were  then  examined  under  the 
binocular  miorosoope  and  the  number  of  developing  thalli  reoorded.  An  average  figure 
for  the  three  slidea,  expressed  as  number  per  aq  om,  was  obtained. 


In  the  'wet'  treatments  three  lOOg  samples  were  plaoed  in  separate  beakers  containing 
1  litre  of  Erdschreiber  enriched  seawater  and  s  S  x  7.5  am  glass  slide.  The  beakers 
were  kept  in  separate  compartments  and  N^,  0.  and  C0_  respectively  was  bubbled  through 
the  water.  The  Enteromorpha  was  removed  after  2,  6  find  24  hours.  Eaoh  slide  was  left 
for  a  further  48  hours  before  removal  to  the  oulture  trays.  Assessment  of  swarmer 
settlement  was  oarrled  out  as  desoribed  above. 

The  apparatus  used  in  the  settlement  experiments  is  shown  in  Fig  1.  It  consisted 
of  two  seawater-filled  CEP  tanks  eaoh  of  approximately  2p0  gallons  cipaoity.  They  were 
oonneoted  by  a  short  7.6  om  diameter  pipe  line  in  whioh  was  situated  a  pump  capable  of  . 
delivering  a  maximum  of  300  gallons  per  minute.  On  the  disoharge  side  of  the  pump  there 
was  a  oontrol  valve  for  regulating  the  flow  of  water.  The  tank  into  whioh  the  pump 
discharged  waa  sealed  at  the  top  and  when  in  use  was  under  a  positive  pressure.  The  water 
flowed  from  one  tank  to  the  other  via  a  15  x  23  x  150  cm  perspex  channel;  a  sluioe  at  the 
upstream  end  allowed  further  oontrol  of  the  seawater  flow.  Turbulenoe  in  the  system 
was  controlled  by  a  baffle  and  a  perforated  inlet  in  the  pressurised  tank  and  by  the 
ourvature  leading  to  the  perspex  channel.  In  the  tank  into  whioh  the  water  disoharged 
there  were  six  refrigeration  plates  of  35.000  BTU/hour  capacity  thermostatically  oontrollecL 
Without  refrigeration  a  rapid  rise  in  temperature  took  plaoe;  of  the  order  of  20°C. 

A  strip  of  perspex  120  x  15  x  0.3  cm  was  plaoed  at  the  bottom  of  the  ohannel  to  aot 
as  a  settlement  surface.  It  was  partially  out  throu#:  at  invervals  of  7.5  cm  so  that  it 
could  be  easily  broken  without  the  surfaoe  being  disturbed  at  the  end  of  the  experiment. 

The  atrip  was  fixed  in  the  ohannel  with  the  smooth  side  uppermost  by  means  of  a  silioone 
rubber  compound.  This  provided  adequate  adhesion  during  the  experiment  but  also  allowed 
the  strip  to  be  removed  with  ease. 


! 


683 


The  water  velocity  was  measured  by  two  methods .  Initially  an  Aott  propeller  driven 
current  meter  was  used  but  In  later  experiments  velocity  was  determined  using  a  Casolla 
Pitot-statio  tuba  connected  to  a  seawater-fillod  manometer,  Ueasuremonta  wore  made 
approximately  1.5  cm  above  the  perspex  strip  In  the  oentre  line. 

At  the  commencement  of  eaoh  experiment  the  whole  system  was  filled  with  seawater 
which  was  pumped  around  the  system  until  it  had  reached  the  experimental  temperature  of 
16°C  (+  1°).  The  water  velocity  along  the  ohannel  was  then  measured.  Two  nlastio  mesh 
bags,  91  x  46  cm,  half-filled  with  the  thalli  of  Enteromornha  sen  were  suspended  in  the 
tank  containing  the  oooling  elements.  Thus  the  swarmers  released  by  tho  alga  into  the 
water  wore  oiroulated  around  the  system. 

After  three  days  the  bags  containing  the  clga  were  removed  and  tho  experiment 
continued  for  another  2 4  hours ,  When  tho  pomp  was  stopped  the  sea-wator  was  nllowod  to 
drain  from  the  perspex  channel,  the  strip  removed  and  divided  into  ito  7.5  x  15  cm 
seotions.  In  preliminary  experiments  these  snail  panels  were  placed  dirootly  into  an 
Erdschroibor  medium  unde  upQin  seawater  and  cultured  under  constant  illumination  for  a 
week  at  a  temperature  of  18  C  (+  2°).  Each  panel  was  then  examined  under  a  binocular 
microscope  using  ten  5  cm  sweeps,  at  righ  angles  to  the  direction  of  tho  water  flow.  The 
number  of  thnlli  per  panel  was  recorded. 

In  later  exneriments  the  panels  were  washed  with  tap  water  or  sterile  sea-water, 
after  removal  from  the  channel,  to  remove  any  unattached  snarmere. 

To  confirm  the  presence  of  swarmers  in  tho  experimental  systmn,  three  50  ml  daily 
sampler,  wore  taken  from  the  cliannel  und  placed  in  9  cm  dinmoter  netri  dishes.  They  were 
left  for  24  hours  under  a  uniform  light  intensity  to  allow  swarner  settlement.  The  water 
was  then  disonrded,  one  dish  was  washed  with  sterile  seawater,  one  -with  t;  p-watcr  and 
the  third  untreated;  they  wero  then  filled  with  sterile  seawator  and  incubated  as 
desoribed  above  and  soanned  under  tho  binocular  mloroscope. 

A  preliminary  series  of  4  experiments  were  carried  out  in  which  tho  water  velocity 
varied  from  1.87  to  3.9  knots.  This  was  followed  by  a  second  scries  of  three  experiments 
where  tho  water  speed  was  between  8.2  und  9.0  knots.  Algal  attachment  was  rcoorded  as 
being  present  or  absent. 

In  a  subsequent  series  the  actual  number  of  manners  settling  no  recorded;  the 
first  two  experiments  were  carried  out  at  water  volooitics  between  2.9  to  },6  l-.nots  and 
tho  third  between  4.4  and  4.9.  A  further  sorios  of  experiments  was  undertaken  at 
relatively  high  water  velocities  of  between  approximately  8  and  10  knots. 

Since  it  took  25-30  seconds  for  tlie  water  to  drain  from  tho  cliannel  after  the  pump 
Y/as  shut  off  it  was  possible  that  attachment  of  s warmers  to  the  experimental  panels  could 
have  oocurred  during  that  period.  To  investigate  this  possibility  the  system  was  filled 
with  ooawater  which  was  then  innocoulated  with  swarners  and  Uie  pump  turnod  on  and  left 
running  until  the  ohannel  was  filled  with  water  as  in  tho  other  experiments.  The  rump 
was  then  switched  off  and  tho  Yrator  allowed  to  drain  from  the  ohannel.  The  oolleoting 
strip  was  treated  ns  before,  being  semratod  into  small  panels,  washed  rnd  oulturod, 
after  which  the  number  of  attnohed  speoimens  was  reoorded.  This  experiment  wai  repeated 
three  times.  Control  dishes  wore  sot  up  to  confirm  tho  present  of  swurmors, 

3 .  Results 

The  results  of  both  the  'wet'  and  'dry'  treatments  upon  spore  release  from  thalli  of 
Enteromornha  bpp  are  summarised  in  Pig  2.  It  can  be  seen  that  the  yield  of  spores  varied 
considerably  from  one  treatment  to  another,  and  in  some  oases  with  the  duration  of  the 
treatment.  Bubbling  CO-  through  the  seawater  containing  the  thalli  had  an  adverse  effect 
on  swarmer  production,  the  yield  being  less  than  that  obtained  in  the  control.  Oxygen 
appeared  to  have  little  or  no  effect  upon  the  yield.  Treatment  with  llgr  however, 
presented  n  rather  different  picture.  There  was  a  considerable  increase  in  yield  with 
material  lent  for  2  hours  in  seawater  throu-h  which  the  gas  r/as  bubbled.  Itore  than  twice 
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the  number  of  swaraers  were  obtained  if  tlio  treatment  waa  oontinued  for  6  hours  before 
return  to  normal  sterile  seawater.  After  22*.  hours  the  yield  was  below  that  of  the  control. 

Infra-red  drying  for  if  hours  and  six  hours  respectively,  increased  the  yield  of 
swaraers  to  almost  the  same  level  as  was  obtained  by  air  drying  for  6  and  24  hours. 

Thalli  maintained  at  -12°C  for  2,  6  and  22f  hours  showed  little  difference  in  production 
to  the  control  material.  Cooling  to  5°C  for  the  same  periods  produoe  a  steadily 
increasin'  yield  with  the  duration  of  the  treatment,  and,  after  21+  hours,  presented  the 
highest  yield  recorded.  Air  drying  of  the  material  was  adopted  because  of ‘the  large 
quantities  of  the  alga  required  for  each  experiment  and  the  ease  with  which  the 
treatment  could  be  oarried  out. 

In  the  initial  settlement  experiments  the  water  velocity  in  the  ohannel  varied  from 
1.87  to  3.9  knots.  In  the  four  experiments  settlement  was  recorded  on  all.  the  panels. 

In  the  seoond  series  only  the  first  2*0  am  of  the  oolleoting  strip  was  examined,  the  water 
speed  varying  from  approximately  8,2  to  9.0  knots.  Swarmer  settlement  occurred  in  all 
three  experiments. 

Subsequently  the  actual  number  of  swamero  settled  on  the  oolleotors  was  recorded. 

In  this  series  the  first  two  experiments  were  carried  out  viith  water  velocities  varying 
from  2.9  to  3.6  knots  and  in  the  third  betneen  2f.2f  and  4.9  knots.  The  numbera  settling 
in  each  experiment  are  shown  in  Table  1  and  the  daily  check  on  available  swaraers  in 
Table  2.  Settlement  occurred  over  the  whole  range  of  water  velocities.  There  were 
indications  that  numbers  were  slightly  higher  at  the  lower  as  opposed  to  the  higher  end 
of  eaoh  velocity  range.  In  this  series  of  experiments  there  also  appeared  to  be  a 
relationship  between  the  number  of  Bwamers  available  for  aettlement  and  the  aotual  number 
settled. 

Four  experiments  were  oarried  out  in  whioh  the  perspex  panels  wore  washed  with  either 
tap  or  sterile  seawater.  The  results  are  given  in  Table  3,  the  water  volooity  in  the 
first  experiment  varied  from  8.9  to  9.1  and  in  the  remainder  from  10.2  to  10.7  knots. 

The  washing  procedure  appeared  to  have  no  adverse  effeot  on  the  results.  The  number  of 
swaraers  present  in  the 'system  throughout  the  four  days  of  eaoh  experiment  is  shown  in 
Table  4.  The  very  considerable  differenoes  in  the  number  of  swaraers  preaent  nas  not 
apparently  reflected  by  the  actual  settlement  as  appeared  to  be  the  oaae  in  the  previous 
series.  There  was  also  a  considerable  decrease  in  the  number  of  swaraers  in  the  water 
over  the  experiment  il  period. 

The  results  of  the  investigation  to  see  whether  swaraers  settled  whilst  the  water 
was  draining  from  the  ohannel  are  given  in  Table  5  and  the  availability  of  apores  in 
Table  6.  There  waa  a  tendency  for  awarmers  to  settle  in  pain  in  the  perspex  atrip  but 
this  was  not  so  marked  in  the  petri  dish  cultures;  the  respective  percentages  being 
3®o  and  !fo. 


4.  Discussion 

In  all  the  experiments  settlement  of  swaraers  took  plaoe  on  the  oolleoting  strip 
at  a  water  sneeda  up  to  and  including  approximately  10.7  knots.  Although  it  waa  not 
poaaible  to  measure  the  water  speed  at  the  aotual  point  of  attachment,  the  conditions 
in  the  ohannel  were  reasonably  representative  of  the  water  flow  at  least  over  some 
parts  of  a  ship's  hull.  Because  of  the  limitations  of  the  apparatus  it  was  not  possible 
to  increase  the  water  velooity  beyond  the  maximum  obtained  in  these  experiments. 

It  is  possible  that  the  swaraers,  whioh  ore  approximately  10-12  n,  enter  the 
boundary  layer  of  water  adjacent  to  the  surfaoe  and  are  consequently 'no  longer  subjected 
to  the  forces  whioh  may  tend  to  remove  them.  If  this  is  so  then  it  is  likely  that 
settlement  would  ooour  at  considerably  higher  speeds. 

From  the  experiments  it  would  appear  that  the  number  of  swaraers  settling  is 
dependent  on  the  number  available  only  when  that  number  is  small. 


The  Implication  of  these  results  is  that  as  far  as  treed  fouling  by  Knteromomha 
is  ooncemcd  settlement  can  ocour  on  a  ship*  s  hull  even  .7hcn  it  is  storming  at  relatively 
high  sneed. 
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TABLE  I 


NUHBggg  OF  S'. ABNERS  SETTLING  OK  j-ERSlEX  SECTIONS  DURING  EIROT  SERIES  OF  EXTERIfimTS 


Panel 

Number 

Speed 

(knots) 

Number  settling 

Kean 

Speed 

(Knots) 

Number 
settling 
Expt  3 

Exp  1 

Exp  2 

1 

2.9 

11 

1 

6.0 

4.4 

32 

2 

3.0 

8 

7 

7.5 

4.4 

106 

3 

3.1 

9 

4 

6.5 

*♦.5 

42 

4 

3.2 

7 

2 

4.5 

4.5 

18 

5 

3.3 

11 

5 

8.0 

4.5 

15 

6 

3.3 

8 

3 

5.5 

4.5 

8 

7 

3.3 

8 

*  150 

- 

4.5 

16 

8 

3.4 

4 

4 

4.0 

4.6 

0 

9 

3.5 

1 

3 

2.0 

4.6 

16 

3.5 

0 

0 

0.0 

4.6 

2 

3.4 

1 

4 

2.5 

4.7 

0 

3.5 

0 

5 

2.5 

4.7 

1 

3.5 

3 

0 

1.5 

4.7 

3 

3.5 

1 

3 

2.0 

4.8 

8 

Bat 

3.6 

6 

4 

2.0 

4.9 

5 

TOTAL 

72 

49 

TOTAL 

182 

Localised  clump  of  swarmers 


TABLE  2 

SAULES  OF  SEA  V.'ATSH  FRO-1  THE  SYSTEM  TAKai  THROUGHOUT  THE  FOUR  DAYS  OF  THE  EXPERIMENTS 
BilO'.JN  IN  TABLE  I,  0IIO..TIIO  NUHB-UiS  0*'  S' .ViHKJUl  '  JJTLINQ  IN  PETRI  DISHES 


Day 

Numbers  settling  in  petri  dishes 

Expt  1 

Expt  2 

Expt  3 

1 

54 

32 

159 

2 

- 

14 

139 

3 

18 

14 

4 

4 

3 

0 

4 

NUMBERS  OF  SUAHMERS  SETTLING  ON  PERSPEX  SECTIONS  AT  VARIOUS  VELOCITIES  AFTER  WASHING 


Panel 

Number 


Speed 

(knote) 


TABLE  4 

SAMPLES  OF  SEAWATER  FROM  THE  SYET3!  THROUGHOUT  4  DAYS  OF  HUNS  DESCRIBE  It!  TABLE 


SHOWING  NUMBERS  OF  SPORES  SETTLED  AND  DEVELOPED  IN  PETRI  DISHES 


Treatment 


.  - —  ■  —  - - -  ■  ■  ■  ■  ■  ■  ■  1 

Number  Settling  in  Petri  Dishes 

10.2  -  10.7  Knots 

■■ESI 

Expt  2 

Expt  3 
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I.  Introduction 

The  adhesion  of  living  tissue  to  non-living  material  is  not  only  of 
interest  in  marine  fouling;  it  has  important  applications  also  in 
surgery  and  dentistry  (Manly  1970),  while  the  principles  underlying  the 
success  of  biological  adhesives  which  set  underwater  may  have  wide 
significance  in  the  development  of  artificial  cements  designed  for  the 
same  purpose. 

Three  aspects  of  bioadhesion  can  be  distinguished:  first,  cell  to 
cell  adhesion;  secondly,  adhesion  between  the  living  tissue  and  non-living 
parts  of  the  animal;  and  thirdly,  adhesion  between  the  animal  and  foreign 
objects.  Cell  to  cell  adhesion  is  a  property  of  normal  growth  and  organi¬ 
zation,  involving  cell  surface  structure  and  compatability ;  its  significance 
in  medicine  is  immense,  but  it  need  not  concern  us  here.  The  union  of 
living  tissue  to  inert  structural  elements  which  are  formed  by  the  animal, 
such  as  calcium  phosphate  (bone),  calcite  (shell)  and  chitin,  appears  to 
require  an  intermediate  macromolecule  of  rather  specific  structure;  for 
instance  collagen  is  associated  with  bone  in  vertebrates,  conchiolin  with 
calcite  in  molluscs  and  arthropodin  with  chitin  in  arthropods.  A  bone, 
shell  valve,  or  piece  of  arthropod  exoskeleton  always  contains  the  relevant 
protein  incorporated  into  its  structure.  Hence,  these  specialized  proteins 
not  only  form  bonds  between  tissues  and  the  skeletal  elements  but  also 
help  to  unite  the  crystals  or  macromolecules  of  the  skeletal  elements  into 
a  firmly  knit  resilient  component  of  the  animal's  organization.  These  inter¬ 
nal  adhesives  are  not  relevant  directly  to  the  adhesion  of  fculing  organisms 
but  their  structure  may  prove  to  be  of  significance  in  connection  with 
gregarious  pre-settlement  behavior.  Two  of  them,  arthropodin  and 
conchiolin,  have  been  implicated  in  the  recognition  of  the  presence  of 
adults  of  their  own  species  by  barnacle  larvae  (Crisp  and  Meadows,  1962, 

1963)  and  by  oyster  larvae  (Crisp,  1967)  respectively.  It  is  possible  that 
recognition  is  mediated  by  molecular  attraction  between  a  part  of  the 
surface  of  the  larva  and  the  surface  layer  of  the  structural  protein 
(Crisp,  1965a, 1973).  If  so,  they  would  again  have  an  adhesive  function  in 
a  somewhat  different  context. 

The  fouling  problem  is  clearly  concerned  with  the  third  aspect  of 
bioadhesion,  attachment  to  foreign  objects.  Representatives  of  all  the 
lower  plants  from  bacteria  to  macroalgae,  and  of  all  the  animal  phyla  from 
protozoa  to  the  lower  chordates  living  in  aquatic  environments  attach 
themselves  permanently  or  temporarily  to  extraneous  objects  or  to  other 
organisms.  The  subject,  despite  its  importance,  has  been  greatly  neglected, 
and  the  nature  of  the  majority  of  animal  plant  adhesives  is  unknown. 

II.  Adhesion  Mechanisms 

The  materials  used  by  organisms  for  attachment  to  foreign  objects  may 
be  divided  into  two  classes: 
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(1)  Permanent  cements  which  undergo  a  setting  or  curing  process, 
usually  a  form  of  chemical  cross-linkage  of  macromolecules.  The 
adhesive  force  is  then  related  to  the  strength  and  number  of  the 
chemical  bonds  which  have  to  be  severed. 

(2)  Temporary  adhesives  which  are  not  chemically  bound,  but  which 
hold  two  surfaces  together  by  the  work  which  has  to  be  done 
against  viscosity  when  the  surfaces  are  separated. 

The  phenomenon  is  well  known  to  all  biologists  who  have  attempted  to 
separate  a  pack  of  wet  microslides,  and  its  underlying  principle  was 
expounded  by  Stefan  (1874).  Stefan  type  adhesives  are  viscous  "tacky" 
fluids,  their  adhesive  'force'  dependent  not  only  on  their  viscosity  but 
also  on  the  circumstance  under  which  separation  is  brought  about,  details 
of  which  will  be  described  below. 

These  two  mechanisms  have  a  quite  different  applicability.  The 
permanent  adhesive  is  ideal  for  attaching  an  organism  in  one  position 
throughout  life,  or  for  bonding  pieces  of  substratum  to  build  a  permanent 
tube.  Since  the  cement  typically  cannot  relax  without  involving  complete 
failure  of  the  adhesion,  the  mechanism  is  unsuitable  for  fixing  an  animal 
in  a  situation  where  it  may  need  to  move  or  to  yield  to  a  superior  force. 

For  this  purpose,  as  well  as  for  all  types  of  temporary  attachment,  Stefan 
adhesives  are  required. 

It  is  not  generally  realized  how  important,  and  therefore  how  wide¬ 
spread,  are  devices  for  temporary  attachment  of  organisms  living  in  water. 
The  density  of  the  medium  renders  the  aquatic  environment  totally  different 
from  the  terrestrial  from  the  point  of  view  of  locomotion  over  surfaces. 

Most  aquatic  organisms  have  specific  gravities  not  greatly  in  excess  of 
that  of  water  so  that  gravitation  may  be  largely  or  entirely  eliminated. 
Conversely,  the  force  exerted  by  water  currents  impinging  on  aquatic 
organisms  is  much  greater  than  the  forces  due  to  air  currents  of  corres¬ 
ponding  velocity  on  sub-aerial  creatures.  The  magnitude  of  such  forces 
approximates  to  the  rate  of  change  of  momentum,  ap(Au)2,  where  a  is  the 
area  of  impingement,  p  is  the  density  of  the  medium  and  Au  the  change  in 
fluid  velocity  after  impact.  Water  having  a  density  so  much  greater  than 
that  of  air,  the  aquatic  compared  with  the  terrestrial  organisms  experience 
forces  augmented  by  several  magnitudes.  Hence,  the  force  of  friction, 
which  enables  all  but  the  smallest  terrestrial  organisms  to  resist 
disturbances  and  to  crawl  over  horizontal  surfaces  on  land  cannot  perform 
this  function  for  small  organisms  living  on  surfaces  under  water.  A 
different  force  is  therefore  needed.  Adhesion  by  sticky  secretions  from 
the  limb  tips  or  body  segments  appears  the  most  probable  substitute 
available  for  gravitational  friction.  Thus,  in  the  interstitial  environment 
of  sands ,  where  the  animals  are  invariably  small  and  need  to  withstand 
the  considerable  flow  of  water  through  the  pores,  adhesive  organs  are 
almost  universal  (Delamare  de  Boutteville,  1960).  Organs  of  adhesion  are 
likely  to  be  equally  universal  in  small  organisms  (of  less  than  1  cm) 
which  crawl  freely  over  submerged  surfaces,  including  of  course,  the 
larvae  of  fouling  organisms. 

Although  the  distinction  between  a  rigid,  permanent  cement  and  a 
fluid  Stefan  adhesive  appears  in  principle  quite  sharp,  it  may  not  necessar¬ 
ily  be  so.  If  the  processes  of  polymerization  and  cross-linkage  which 
lead  to  the  formation  of  the  former  proceed  only  to  a  limited  degree,  a 
tacky  visco-elastic  fluid  may  be  formed  which  may  have  rigidity  under 
sudden  stress  but  relax  under  a  steadily  maintained  force. 

III.  Permanent  Cements 

Most  examples  of  animal  cements  of  the  permanently  setting  type 
utilize  a  protein-polyphenol  oxidase  system.  The  best  known  are  in  the 
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arthropods.  The  arthropod  cuticle  itself  is  composed  of  chitin  and  protein, 
and  the  latter  is  normally  hardened  by  o-dihydroxyphenols  and  phenol 
oxidases  which  enter  by  diffusion.  The  oxidase  converts  the  dihydroxyphenol 
to  the  quinone  which  then  combines  with  a  free  amino  group  on  the  protein 
to  form  a  protein-diphenol  complex.  The  latter  is  again  oxidized  in  the 
presence  of  phenol  oxidase  to  form  a  protein  quinone  complex  which  can 
link  with  another  amino  group,  so  joining  two  proteins  together.  It  is 
believed  that  terminal  amino  groups  are  first  involved  and  later  the 
amino  groups  of  the  protein  side  chains.  Thus  the  setting  process  will 
first  increase  the  effective  chain  length  of  the  proteins,  making  the 
material  more  viscous  and  later  cross-link  the  molecules  into  a  rigid 
structure.  There  are  clear  indications  that  this  mechanism  has  been  adapted 
by  the  arthropods  for  a  variety  of  purposes  in  addition  to  hardening  of 
the  cuticle,  such  as  cementing  the  eggs  of  Crustacea  to  the  swimmerets, 
hardening  of  insect  egg  cases  after  laying,  and  in  the  production  of 
cement  by  barnacles. 

A  mechanism  to  delay  the  onset  of  the  hardening  process  until  the 
appropriate  moment  is  usually  essential.  For  example,  a  secretion  must 
remain  liquid  until  it  has  been  discharged  from  a  gland  through  its  ducts. 

The  simplest  mechanism  of  control  is  by  the  separate  discharge  of  two 
components  which  activate  each  other  on  mixing.  Prior's  description  of 
the  hardening  of  the  cockroach  ootheca  (Prior,  1940,  a,b)  affords  the  classic 
example.  The  left  colleteral  gland  secrets  the  protein  together  with 
polyphenol  oxidase  and  the  o-dihydroxy  phenol  combined  in  the  form  of  a 
glycoside  and  therefore  not  vulnerable  to  the  phenol  oxidase.  The  right 
gland  secretes  a  8  glycocidase  which  liberates  the  phenol.  The  hardening 
process  is  therefore  initiated  as  the  two  secretions  mix  and  surround  the 

egg. 


Evidence  for  the  existence  of  similar  mechanisms  in  the  attachment 
cements  of  fouling  organisms  exists  (Brown,  1950)  but  is ^fragmentary 
since  the  relevant  biochemical  studies  in  invertebrates -.other  than  arthro¬ 
pods  have  not  been  done.  However,  the  following  features  may  be  regarded 
as  indications  of  the  existence  of  a  protein-phenol-phenoloxidase  setting 
mechanism;  when  all  are  present  simultaneously,  the  evidence  is  strong; 

(a)  Demonstration  of  phenolic  compounds  in  secretory  tissue  or  in 
their  secretum, 

(b)  Demonstration  similarly  of  phenol  oxidase, 

(c)  Observed  increase  in  viscosity  or  rigidity  of  secreted  cement, 

(d)  Double  system  of  secretory  components. 

On  the  basis  of  these  criteria  there  is  strong  evidence  for  the 
existence  of  quinone  tanning  in  the  byssus  of  the  bivalve  Mytilus  (Brown, 
1952;  Smytho,  1954;  Ramalingam  and  Ravindrarath ,  1971)  and  some  evidence 
for  it  in  the  setting  of  the  hydrosarc  of  Tubularia  (Hawes,  1955).  The 
reef  building  tubeworm  Sabellaria  also  appears  to  possess  such  a  mechanism 
(Vcvelle,  1945).  The  evidence  in  regard  to  barnacle  cement  will  be 
discussed  in  more  detail  below 

It  follows  that  the  framework  of  animal  cements  is  generally  of 
protein,  a  point  which  can  readily  be  confirmed  by  analysis  if  sufficient 
material  is  available  in  a  pure  form,  as  in  bivalves  and  barnacles 
(Cooke,  1970;  Walker,  1972).  Where  the  amounts  are  insufficient,  the 
technique  employed  by  Evans  and  Christie  (1970)  may  be  useful.  They  showed 
that  the  attachment  of  the  minute  spores  of  Entermorpha  intestinalis 
was  vulnerable  to  proteolytic  enzymes ,  while  they  were  lossenea  out not 
detached  by  carbohydrases .  The  authors  therefore  concluded  that  the 
adhesive  was  a  protein-carbohydrate  complex. 
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IV.  Temporary  Adhesion 


As  argued  above,  all  small  surface  living  invertebrates  must  have  non- 
gravitational  means  of  temporary  attachment,  such  as  suction  or  Stefan 
adhesion.  The  ciliated  crawling  larvae  of  many  invertebrates  such  as  the 
metatrochs  of  Spirorbis ,  the  cypho  nautes  of  Bugula,  and  the  pediveligers 
of  Ostrea  lay  down  a  mucus  trail  as  they  glide  over  the  surface.  The 
cypris  larva  has  a  complex  antennulary  organ  which  is  used  for  temporary 
attachment  (Fig.  la).  It  is  not  suitably  designed  to  attach  by  suction, 
but  probably  adheres  through  the  secretion  of  adhesive  produced  most 
likely  by  numerous  unicellular  glands  which  open  onto  the  microvillous 
attachment  pad  (Nott  and  Foster,  1969).  Presumably  the  pad  can  be  detached 
by  "peeling  off"  from  one  end,  while  at  the  same  time  being  capable  of  great 
resistance  to  a  pull  normal  to  the  surface.  The  process  of  attachment  and 
detachment  needs  to  be  observed  in  detail  and  interpreted  in  relation  to  the 
complex  system  of  extrinsic  and  intrinsic  muscles  operating  the  appendage. 

Stefan  predicted  the  force  between  two  discs  of  radius  R  fully 
immersed  in  a  liquid  medium  of  viscosity  n  as 

3itnR*  T  1  1  ' 

F  *  - - 

4t  Xj *  Xj* 

where  x,  and  x.  are  the  initial  and  final  distances  separating  the  discs 
and  t  is  the  time  taken  to  effect  separation.  Reducing  the  equation  to  its 
more  convenient  differential  form 


*x  « 


2K—  x“’ 
dt 


(K  =  0.75irnR%) 


This  equation  shows  that  the  force  preventing  separation  of  the 
surfaces  is  a  direct  function  of  the  rate  of  separation.  The  system  will 
not  withstand  indefinitely  a  continuously  applied  pull,  but  it  will  with¬ 
stand  suddenly  applied  forces  with  great  resistance  and  without  any  danger 
of  rupture  at  a  plane  of  fracture.  Furthermore,  the  adhesion  is  very 
sensitive  both  to  the  area  of  contact,  rising  as  its  square,  and  to  the 
distance  of  separation,  being  inversely  proportional  to  the  cube  of  the 
fluid  thickness.  In  contrast,  the  horizontal  drag,  Fy,  produced  when  the 
discs  are  slid  sideways  at  a  given  velocity  is  very  much  less  than  the 
vertical  force  Fx.  For  discs  separated  by  a  fluid  with  newtonian  viscosity 
n, 


Fy  *  wR*rtdy/dt  x_l  . 


Thus,  comparing  Fy  and  Fx  for  discs  of  1  cm  radius  separated  by  a  10u  film 
of  water  with  dx/at  »  dy/dt  -  1.0  cm/sec: 


Fy  *  4,7  x  10 1  dynes 
Fx  *  31.4  dynes. 

This  form  of  adhesion  is  ideal  therefore  where  the  animal  needs  to  glide 
over  the  surface  without  losing  contact  with  it. 

Perhaps  the  clearest  examples  of  Stefan  adhesion  are  the  limpets.  The 
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characteristically  low  shell  with  a  very  large  expanse  of  foot  closely  applied 
to  the  surface  and  covered  with  mucus  secreting  glands  has  been  evolved 
independently  several  times.  In  the  genus  Patella  the  force  of  adhesion 
measured  by  subjecting  the  animals  to  a  steadily  increasing  force  is 
greatly  in  excess  of  an  atmosphere  (Driver,  1970),  showing  that  suction  alone 
is  not  capable  of  accounting  for  the  force  of  adhesion.  The  lateral  force 
required  to  detach  the  limpet  from  a  smooth  surface  is  much  less  than  the 
vertical  force  needed  to  lift  it  off.  Indeed  pulling  it  off  vertically 
often  causes  failure  within  the  structure  of  the  foot,  leaving  the  epithelium 
still  attached.  Limpets  and  other  gastropods  can  progress  over  surfaces 
while  still  attached  to  them  by  passing  progressive  waves  of  contraction  or 
regressive  waves  of  extension  along  the  length  of  the  foot  (Jones  and 
Trueman,  1970).  The  waves  can  be  seen  beneath  the  foot  by  observing  limpets 
walking  over  glass.  They  appear  as  dark  areas  where  the  epithelium  iB 
momentarily  raised  off  the  surface.  At  the  forward  end  of  such  a  wave,  the 
muscles  evidently  'peel  off'  the  epithelium,  while  at  the  rear  end  the 
epithelium  is  reapplied  very  closely  to  the  surface  probably  being  pulled 
down  by  lowered  hydrostatic  pressure  within  the  wave.  The  waves,  being 
sources  of  adhesive  weakness,  disappear  instantly  the  limpet  is  disturbed, 
the  foot  spreading  out  and  applying  itself  more  closely  to  the  surface. 

The  mechanism  is  not  immediately  obvious,  but  possibly  some  of  the  inter¬ 
vening  fluid  can  be  withdrawn  into  the  substance  of  the  foot,  so  decreasing 
the  separation  distance  x  and  greatly  increasing  the  strength  of  adhesion. 

The  ascidian  tadpole  attaches  by  a  sticky  secretion  at  its  anterior 
end,  and  the  material  shows  no  sign  of  hardening  (Lane,  1971).  Moreover, 
colonies  of  compound  acidians  are  capable  of  limited  mobility  (Carlisle, 

1961)  which  would  be  incompatible  with  the  existence  of  a  rigid  cement. 
Probably  a  viscid  material  is  utilized  by  such  colonies  to  maintain  contact 
with  the  substratum. 


V.  Barnacle  Adhesives 

Adhesives  for  permanent  attachment  of  barnacles  to  the  substratum 
are  secreted  at  two  stages  in  the  life  history.  Just  prior  to  metamorphosis, 
the  cyprid  exudes  through  canals  in  the  antennulary  attachment  organ,  a 
quantity  of  cement  originating  from  the  paired  larval  cement  glands, 

(Fig.  2a,b).  This  is  called  the  cyprid  cement.  After  a  short  interval  of 
growth,  during  which  the  juvenile  barnacle  is  still  dependent  for  adhesion 
on  the  cyprid  cement,  the  adult  cement  apparatus  develops  in  the  form  of 
groups  of  unicellular  glands  discharging  through  collecting  ducts  which 
open  below  the  calcareous  or  membranous  base  of  the  animal.  The  cells 
and  ducts  form  an  intricate  pattern,  first  described  by  Darwin  (1854),  which 
increases  in  size  and  complexity  with  the  growth  of  the  animal  (Fig.  3). 

The  adult  cement  is  obtainable  in  much  larger  amounts  than  the  cyprid 
cement,  hence,  its  constitution  is  better  known  and  it  will  be  convenient 
to  describe  it  first. 

(a)  Adult  Cement 

(i)  Histology  and  Histochemistry.  The  appearance  under  the  light 
microscope  of  the  unicellular  glands  secreting  adult  cement  has  been 
described  by  Bocquet-Vldrine  (1965)  for  Elminlus  modestus  and  by  Lacombe 
(1966,  1967,  1968)  for  Balanus  tintinnabulum.  Cacombe  and  Liguori  (1969) 
describe  differences  between  B.  tintinnabulum  and  Lepas  anatifera  in  the 
location  of  the  glands  and  the  arrangement  or  the  collecting  ducts.  In 
B.  tintinnabulum  (as  in  Elminlus  modestus)  there  were  two  markedly  different 
cytoplasmic  regions,  one  with  affinity  for  basic  dyes  and  the  other  for 
acid  dyes;  it  was  suggested  one  was  a  region  of  synthesis  and  the  other  of 
accumulation.  On  the  other  hand,  Lepas  gland  cells  were  not  regionally 
differentiated  but  contained  vacuoles  varying  in  size  throughout  the 
cytoplasm.  Lacombe  (1967)  correctly  found  that  the  cytoplasm  was  P.A.S. 
negative  and  rich  in  ribonucleic  acid  but  incorrectly  postulated  from  the 
positive  reaction  with  alcian  blue  the  presence  of  acid  mucopolysaccharide— 
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even  though  she  noticed  that  ribonuclease  treated  controls  were  less  strongly 
stained.  Walker  (1970)  using  adequate  controls,  showed  that  in  fact  the 
alcian  blue  reaction  was  wholely  due  to  the  presence  of  ribonucleic  acid 
in  the  synthetic  region  of  the  cell,  and  no  appreciable  carbohydrate  or 
mucin  was  present.  The  collecting  canals  and  the  regions  where  they  enter 
the  gland  cells  were  shown  to  be  rich  in  alkaline  phosphatase  by  Arvy  et 
al,  (1969). 

Walker  (1970)  described  the  fine  structure  of  the  adult  cement  glands 
in  three  species,  Balanus  balanoides,  Elminius  modestus  and  Balanus 
hameri.  In  the  first  two  species  liable  1)  there  were  distinct  areas, 
staining  strongly  for  ribonucleic  acid,  and  containing  free  ribosomes, 
mitochondria,  and  golgi  bodies  and  sometimes  lipid  globules.  All  these 
features  are  indicative  of  synthetic  activity.  Adjacent  were  areas 
containing  aggregations  of  vacuoles,  the  contents  of  which  were  protein 
positive.  These  regions  were  presumably  for  storage.  They  connected 
with  and  presumably  discharged  through  intracellular  ducts.  The  cement 
secreting  cells  of  B.  hameri  had  a  cytoplasm  of  uniform  appearance,  contain¬ 
ing,  however,  the  same  elements  that  were  segregated  in  two  regions  of  the 
gland  cells  of  the  other  two  species.  Like  those  of  B.  tintinnabulum 
(Liguori,  1970),  the  cells  of  B.  hameri  lacked  intracellular  collecting 
ducts  but  were  in  intimate  contact  with  the  cement  duct  cells.  Walker's 
findings  show  clearly  that  the  material  synthesized  by  the  cement  glands 
is  a  protein  with  no  detachable  admixture  of  carbohydrate  or  lipid. 

(ii)  Chemical  Analysis .  The  successful  analysis  of  adult  cement 
depends  on  obtaining  sufficient  quantities  of  unadulterated  material. 

Material  scraped  away  from  the  base  could  easily  become  contaminated  with 
ovarian  lipid  if  the  base  were  damaged,  and  this  may  account  for  the  large 
component  of  lipid  in  barnacle  cement  reported  by  Cooke  (1970)  but  un¬ 
supported  by  other  investigators.  Walker  (1972)  devised  a  method  of  main¬ 
taining  barnacles  under  circulation  out  of  contact  with  the  substratum  so 
that  the  cement  could  be  collected  at  intervals  in  a  pure  state.  Nitrogen 
determination  both  by  elemental  analysis  and  by  the  Keldjahl  method  showed 
that  the  material  was  composed  very  largely  of  protein,  in  agreement  with 
Saroyan  et  al  (1970).  Its  amino  acid  composition  was  also  in  general 
agreement  with  that  recorded  by  Cooke  (1970)  and  by  Saroyan  et  al  (1970), 
but  Walker's  analyses  include  additional  information  on  the  ratKer  high 
level  of  sulphur  containing  amino  acids.  Electron  probe  analysis  indicated 
that  not  only  sulphur  but  also  calcium  and  phosphorus  form  an  integral 
part  of  the  matrix.  The  claim  made  by  Cardarelli  (1968)  that  the  cement 
of  B.  nubilis  is  of  carbohydrate  and  lacking  almost  entirely  in  nitrogen, 
differs  from  the  conclusions  of  all  other  workers  and  seems  likely  to  be 
false.  It  is  improbable  that  the  material  of  one  species  of  the  genus 
would  differ  so  fundamentally  from  that  of  the  others. 

The  adult  cement  does  not  appear  to  harden,  but  forms  an  insoluble 
somewhat  plastic  coat  where  exposed  to  water.  When  a  barnacle  is  gently 
pried  off  a  surface,  fine  strands  of  sticky  material,  presumably  cement, 
can  sometimes  be  seen  between  the  base  and  the  substratum. 

(b)  Cyprid  Cement 

The  suggestion  made  by  Harris  (1946)  that  the  fixation  of  cirripedes 
might  be  accomplished  by  means  of  a  quinone  tanned  protein  was  first 
tested  by  Knight  Jones,  and  Crisp  (1953)  who  obtained  positive  reactions 
for  phenols  in  the  cyprid  antennule  and  cement  apparatus.  Hillman  and 
Nace  (1970)  detected  protein  and  traces  of  lipid  in  the  mass  of  cement  sur¬ 
rounding  the  antennule  of  settled  cyprids  of  B.  elumeus,  but  obtained  no 
reaction  for  carbohydrates  nor  for  phenolic  amino  acids.  However,  Saroyan 
et  al  (1970)  not  only  demonstrated  again  the  protein  nature  of  the  cement. 

Cut  also  confirmed  the  presence  of  phenolic  amino  acids. 
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Walker  (1971)  made  a  detailed  study  by  light  and  electron  microscopy 
of  the  whole  of  the  cyprid  cement  apparatus  of  the  cypris  larva  of  B. 
balanoides.  He  found  two  types  of  cells  in  the  cement  gland  (Fig.  7b) 
which  he  termed  the  a  and  8  cells  (Table  2).  Lipids  and  carbohydrates 
were  both  undetectable.  The  a  cells  contained  granules  giving  positive 
reactions  for  proteins,  phenolic  compounds,  and  a  polyphenol  oxidase 
system;  the  8  cells  gave  only  a  reaction  with  kromphenol  blue  and  therefore 
appear  to  contain  only  protein.  The  reactions  of  the  a  cell  granules  could 
be  repeated  on  the  recently  discharged  cement.  It  is  therefore  tempting 
to  suggest  that  we  have  here  a  two  component  system  like  that  of  the  cock¬ 
roach  shell  gland,  which  allows  polymerization  only  after  the  components 
of  the  a  glands  have  been  activated  by  mixing  with  8  gland  material.  It 
is  strange,  however,  that  whereas  all  the  8  material  appears  to  be  dis¬ 
charged,  considerable  amounts  of  a  granules  are  left  in  the  cells.  After 
discharge  the  duct  system  is  left  empty.  Possibly  the  8  material  is 
flushed  through  after  the  a  granules  and  the  process  of  mixing  occurs 
externally.  Like  the  adult  cement,  the  cyprid  cement,  when  probed, 
appears  plastic  and  sticky  rather  than  rigid. 

VI.  Mechanism  of  Barnacle  Adhesion 

The  mode  of  growth  of  a  barnacle  makes  it  impossible  for  the 
calcareous  side  walls  (parietes)  to  be  firmly  bound  to  the  substratum.  It 
is  therefore  necessary  for  the  base  alone  to  be  cemented  and  the  parietes 
to  be  held  down  by  muscles  which  can  relax  when  necessary  to  allow 
accretion  at  the  growing  basal  margin  of  the  shell. 

Gutmann  (1960)  described  these  as  "fixation  fibres"  (Fig.  4).  They 
are  very  numerous  and  have  a  long  tendon  stretching  to  the  parietes  and  a 
short  tendon  io  the  base,  with  a  small  muscle  between.  Thus  the  mechanical 
structure  of  a  barnacle  is  precisely  like  that  of  a  limpet,  the  only  major 
difference  being  the  ability  of  the  latter  to  move  voluntarily  on  rythmic 
waves  of  compression  or  extension  (Crisp,  1965b).  Despite  literary  allusions 
to  the  contrary  (Dickens,  1837),  barnacles  are  capable  of  lateral  movement 
under  sustained  pressure  (Crisp,  1960),  and  they  can,  like  limpets,  be 
detached  and  reset.  It  is  reasonable,  therefore,  to  suppose  that  the 
adhesive  mechanism  of  the  adult  sessile  barnacle  is  also,  like  that  of  the 
limpet,  of  the  Stefan  type,  dependent  on  a  high  viscosity  fluid  rather 
than  a  chemically  bound  rigid  solid  for  its  bond. 

The  same  arguments  do  not  apply  to  the  adhesion  of  the  cyprid,  nor  of 
the  stalked  barnacle.  The  cyprid  attachment  cement  has  only  a  temporary 
function;  it  could  be  ruptured  after  the  adult  glands  became  functional 
without  the  animal's  suffering  serious  harm.  The  stalked  barnacle  probably 
does  not  need  to  be  able  to  migrate  under  pressure.  Its  cement  appears 
to  become  hard  and  waxy;  nevertheless,  the  glands  remain  active  throughout 
life  and  the  animal  can  recement  itself  if  detached  (Patel,  1959). 
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Table  I.  Constitution  of  two  regions  of  cement  gland 
cells  of  Elwlnlus  modes tus  (Based  on  Walker,  1970) 
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Aldan  Blue  Mucins  and  Strongly  positive  Negative 
Muclhaematln  ribonucleic  acid  Strongly  positive  Negative 
Methyl  green  pyronln/ 

rlbonuclease  control  Ribonucleic  acid  Strongly  positive  Negative 


Significance  Region  of  Synthesis  Region  of  Store 9t 
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Table  II.  (Fraa  Walker,  1971) 
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a.r.  radial  Sanaa  organs 
a.a.  axial  sansa  organ 
a.p.  poataxlal  sansa  organ 

Figura  la:  Struct ura  of  tha  antannule  of  Balanui  balanoldaa 
(From  Nott  and  Foatar.  1969). 


Figure  lb.  Structure  of  the  antennulary  attachment  organ  of 
Balanus  balanoldes  (From  Nott  and  Foster,  (1969) 


Fig. lb 

(key  to  abbreviations  used) 

a.d. 

axial  dome 

c. 

cuticle 

c.v. 

cutlcular  villi 

cm. 

cement  duct 

den. IV 

dendrites  to  the  fourth  segment 

g. 

antennular  gland 

m.t. 

transverse  muscle 

p.g. 

pore  of  antennular  gland 

s.a. 

axial  sense  organ 

s.p. 

postaxial  sense  organ 

s.r. 

radial  sense  organ 

set.l 

preaxial  seta 

set. 2 

postaxial  seta 

vm. 

velum 

m.l.  longitudinal  muscle 


Figure  2a.  Cuprid  cement  apparatus. 

Arrangement  for  the  discharge  of  the  contents  of  the  cement  gland  through 
the  antennulary  attachment  organ. 

a.d.  Attachment  disc  of  antennulary  organ 

a.g.  Antennulary  glands  (for  temporary  adhesion?) 

c.d.  Cement  gland  duct 

c.e.  Compound  eye 

c.g.  Cement  gland 

m.s.  Muscular  sac 

o.  Oil  globules 

II,  III,  IV,  Segments  of  antennule  (After  Walker) 

705 


1 

3 

i 


Figure  2b.  Cyprid  cement  apparatus. 

Median  transverse  section  through  one  of  the  cement  glands  of  the  cyprid 
showing  the  positions  of  the  two  cell  types  a  and  6.  n  -  nucleus,  m.c.d.  - 
median  collecting  duct.  (From  Walker  1971). 
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Figure  4.  Section  of  the  edge  of  a  growing  barnacle.  The  parietal  plate 
on  the  left  shows  the  last  four  growth  increments,  probably 
corresponding  to  moults.  A  thin  slip  of  tissue  (shaded)  separates 
the  growing  edge  of  the  parietal  plate  from  the  growing  rim  of  the 
base.  Fixation  fibres  (fixf)  with  small  striated  muscles  (me) 
and  a  short  tendon  hold  the  parietal  plate  to  the  base  (bas.  mem). 
The  latter  is  fixed  by  adult  adhesive  to  the  rock  surface. 

(Diagram  after  Gutmann,  1960) 
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Discussion 


Lindner t  You  mentioned  that  your  laboratory  found  some  evidence  of 
phenolase  or  polyphenoloxidase  enzyme,  tty  question  would  be  what  kind  of 
evidence  did  you  find  and  if  you  did  in  the  electron  microprobe  analysis, 
did  you  look  for  copper  since  the  phenolase  enzyme  does  contain  a  copper 
and  that  would  be  a  vary  good  indication  for  phenolase  enzyme  presence. 

Crisp «  The  phenoloxidase  was  identified  by  hiatochemical  tests,  not  for 
the  presence  of  copper.  We  looked  at  the  metallic  elements  present  in  the 
cement  by  means  of  electron  probe,  but  copper  was  only  present  in  trace 
amounts.  It  was  not  present  in  these  congregations  of  material  which  were 
largely  aluminium,  iron  and  cilicon,  but  there  was  really  too  little  of 
it  present  for  us  to  be  sure  whether  it  was  uniformly  distributed  or  was 
an  impurity.  So  I  would  not  like  to  say  that  we  have  got  evidence  in  the 
presence  of  copper  of  a  phenoloxidase.  The  evidence  is  solely  of  the 
hiatochemical  tests  and  that  was  in  the  cells  which  are  producing — the 
cement  cells,  the  alpha  cells--which  are  producing  the  cement  material 
which  is  discharged  down  the  duct. 
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Molecular  Fouling  of  Surfaces  In  Seawater 

Rex  Nelhof  and  George  Loeb 

Naval  Research  Laboratory 
Washington,  D.  C.  20390 

As  part  of  an  Investigation  of  the  Initial  events  occurring  on 
exposure  of  solid  surfaces  to  seawater,  the  surface  electrical  charge 
of  different  model  particles  exposed  to  various  seawater  media  has  been 
measured  by  electrophoresis.  The  importance  of  traces  of  dissolved 
organic  matter  In  imparting  the  characteristic  moderately  negative 
charge  generally  observed  on  Immersed  solids  was  assessed  by  using 
seawater  samples  treated  with  ultraviolet  light  to  destroy  organic 
constituents.  Model  particles  of  an  anion  exchange  resin,  germanium 
and  quartz  exhibited  surface  charges  ranging  from  strongly  positive 
to  strongly  negative  In  irradiated  seawaters  but  in  untreated  seawater 
converged  within  a  range  from  zero  to  moderately  negative.  The  amount 
of  seawater  necessary  to  complete  the  change  In  charge  on  a  given  number 
of  particles  was  inversely  related  to  the  content  of  dissolved  organic 
matter.  A  comparison  of  results  in  irradiated  natural  seawater  and  a 
simple  artificial  seawater  Indicated  that  the  seven  major  Inorganic  ions 
are  responsible  for  determining  the  charge  of  sol  Ida  In  organic-free 
S(!u'uater.  Thus  the  surface  charge  exhibited  by  solids  in  natural 
seawater  Is  contributed  largely  by  an  adsorbed  layer  of  electronegative 
organic  matter.  The  difficulty  with  which  this  material  la  eluted  from 
surfaces  suggests  that  It  Is  macromolecular . 

Key  Words:  Electrophoresis;  Dissolved  organics;  Surface 
activity;  Seawater;  Macromolecular  adsorption;  Molecular 
fouling;  Surface  charge;  Organic  photodegradatlon;  Sea¬ 
water  immersion. 


Introduction 

Fouling  and  corrosion  are  Initiated  on  the  surfaces  of  materials  subjected  to 
marine  exposure.  An  understanding  of  the  mechanisms  of  adhesion  of  fouling  organisms  and 
of  corrosive  attack  therefore  requires  a  knowledge  of  the  surface  properties  of  materials 
In  contact  with  seawater.  An  Important  factor  In  these  Interfacial  processes  Is  the 
electrical  charge  on  the  surface.  In  an  earlier  investigation  we  determined  the  surface 
charge  of  various  particulate  materials  with  widely  different  surface  properties  using  a 
recently  Improved  microelectrophoresis  technique  (1.2)1.  These  model  particles  In  arti¬ 
ficial  aeawater  exhibited  surface  charges  ranging  from  strongly  positive  for  an  anion 
exchange  resin  to  strongly  negative  for  a  clay  mineral,  but  In  natural  seawater  showed  a 
restricted  range  of  moderately  negative  values  of  surface  charge.  This  range  was  similar 
to  that  of  natural  particulate  matter  such  as  bacteria,  small  algae  and  detritus.  These 
results  suggest  that  solid  surfsces  adsorb  similar,  electrouegatlvely  charged,  minor 
constituents  from  seawater. 

Experiments  with  dialyzed  seawater  Indicated  that  substances  with  molecular  weights 
both  below  and  above  about  12,000  were  Involved  In  producing  the  changes  in  surface  charge 
observed  with  model  particles.  These  results  together  with  the  observstions  of  Harvey  (31 
ZoBell  (4) ,  Bader,  Hood  and  Smith  (3)  and  others  strongly  suggest  that  the  constituents 


1"  1 

Figures  In  parentheses  Indicate  the  literature  references  at  the  end  of  this  paper. 
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responsible  are  organic.  To  evaluate  thla  poealblllty  It  is  necessary  to  have  as  s  con¬ 
trol,  seawater  which  is  free  of  organic  nutter.  Artificial  aeswster  is  not  entirely 
satisfactory  for  this  purpose  because  of  the  traces  of  organic  surface  active  material 
known  to  be  present  even  in  reagent  grade  salts  of  high  purity  (6).  Ultraviolet  photo-oxi¬ 
dation  as  described  by  Armstrong ,  Williams  and  Strickland  (7),  however,  seens  to  offer  an 
eminently  suitable  method  for  ridding  seawater  of  organic  ratter.  It  requires  no  addition 
of  chemicals  to  the  water  sample  other  than  a  small  amount  of  hydrogen  peroxide  or  other 
source  of  oxygen  and  decomposition  appears  substantially  complete  within  a  few  hours. 

This  paper  reports  on  the  differences  in  surface  properties  of  selected  nterlals  after 
exposure  to  natural  and  photo -oxidized  seawaters. 


Experimental 

The  electrophoresis  apparatus,  described  elsewhere  in  detail  (2)  consisted  of  a 
flat  quartz  observation  cell  0.074  x  1.21  cm  In  cross-section  fused  through  graded  seals 
to  Pyrex  electrode  chambers  at  each  end.  The  cell  was  positioned  with  faces  vertical 
for  viewing  with  a  horizontal  microscope  at  400  x  and  was  immersed  in  a  water  bath  kept 
at  25.00%.  Palladium-hydrogen  electrodes  (8)  served  to  provide  the  necessary  6  -  10  Ms 
current . 

The  electrophoretic  mobility,  M,  in  (|jm/sec)/(V/cm)  was  computed  from  the  formula: 

M  *  on 

TI 

where  T  la  the  time  in  seconds  required  for  a  particle  to  traverae  a  distance,  D,  in  um 
observed  on  a  calibrated  microscope  reticule,  K  is  the  specific  conductance  of  the  sus¬ 
pending  medium  in  ohm"1cm-i ,  I  is  the  current  in  amperes  and  A  is  the  cross  sectional 
area  of  the  electrophoresis  cell  in  cm2.  The  mean  mobility  of  20  particles  was  routinely 
taken  to  characterize  a  suspension.  Standard  deviations  of±0.03-0.10  were  typical. 

Conductivities  were  measured  at  25.00°C  In  a  dip  cell  using  a  bridge  (Beckman 
RC-18)  operating  at  1000  Hz.  Salinity  values  were  derived  from  conductivities  (9). 

Seawater  samples  were  obtained  from  two  sources:  the  Chesapeake  Bay  off  Patuxent 
Naval  Air  Station,  Maryland  (collected  at  high  tide  3  May,  1972,  salinity  9.0%,  ,  pH  7.9) 
and  the  Gulf  of  Mexico  about  330  km  WNW  Key  West,  Florida  (25°50'  N;  8S°30'W  collected 
29  March,  1972,  salinity  35.4%.  ,  pH  8.1).  The  latter  sample  was  taken  about  one  rater 
below  the  surface  through  Nytex  and  polyethylene  tubing  by  auction  into  20-1 Iter  carboys 
and  was  received  in  the  laboratory  two  days  later.  Both  samples  were  filtered  through 
300  up  Nylon  plankton  nets  at  the  time  of  collection  and  stored  st  3%  in  Pyrex  or 
Teflon  FEP  containers.  Before  use,  water  samples  were  centrifuged  for  30  min  at  18,000 
g  in  ISO  ml  Corex  bottles  to  free  then  of  natural  particulate  matter.  All  glassware 
and  Teflon  which  was  to  contact  seawater  was  cleaned  in  a  mixture  of  hot  concentrated 
nitric-sulfuric  acids,  rinsed  in  distilled  water  and  dried  in  an  oven  or  rinsed  In  the 
seawater  to  be  used.  Teflon  storage  containers  were  also  steamed  for  a  half  hour  after 
cleaning. 

Artificial  seawater  conformed  to  the  formulation  ol  Lyman  and  Fleming  (10),  but 
contained  only  the  salts  contributing  the  seven  major  ions  in  seawater.  It  is  referred 
to  as  "7-lon  seawater".  The  salinity  was  adjusted  to  match  the  salinity  of  the  natural 
seawater  under  study.  Water  for  dilutions  and  final  rinsing  of  glassware  was  obtained 
after  an  alkaline  permanganate  distillation,  scrubbing  of  the  steam  in  dilute  phosphoric 
acid  and  finally  distillation  in  a  two-stage  quartz  still. 

The  dissolved  organic  carbon  content  of  water  samples  was  determined  by  the  method 
of  Menzel  and  Vaccaro  (11). 

Model  particles  of  quartz,  germanium  and  a  strong-base  ion  exchange  resin  carrying 
quaternary  aimaonlum  groups  (Dowex  21  K)were  chosen  to  exhibit  widely  differing  surface 
properties.  In  addition,  germanium  and  quartz  are  useful  raterisls  for  companion  optical 
and  photometric  studies.  Germanium  from  a  broken  internal  reflection  prism  and  trans¬ 
parent  quartz  were  powdered  in  a  Plattner  mortar.  The  ion  exchange  resin  was  powdered 
with  a  porcelain  mortar  and  pestle.  All  particles  were  fractionated  by  differential 
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■ed lmentat ion  to  retain  those  with  diameters  In  the  range  of  about  0.5  -  5  urn.  Quartz 
particles  were  cleaned  In  several  changes  of  hot  concentrated  nitric  acid,  washed 
thoroughly  In  distilled  water  and  Ignited  overnight  at  600°C,  Germanium  particles  were 
heated  overnight  at  600°C  In  an  atmosphere  of  purified  hydrogen.  The  ion  exchange  resin 
was  washed  several  times  In  distilled  water.  Contact  of  cleaned  particles  with  labora¬ 
tory  atmosphere  and  other  possible  sources  ot  contamination  was  minimized. 

Organic  constituents  in  seawater  and  7-lon  water  were  decomposed  by  ultraviolet 
photoxldation  In  an  apparatus  similar  to  that  described  by  Armstrong,  et  al.  (7).  The 
samples  in  stoppered  120  ml  quartz  tubes  were  illuminated  at  a  distance  of  about  5  cm 
by  a  1200  W  Hanovia  ultraviolet  lamp.  Forced  air  cooling  kept  the  temperature  of  the 
water  near  the  surface  at  60-65 °C.  Oxygen  was  supplied  by  addition  of  two  drops  of  30% 
hydrogen  peroxide  per  tube  at  three  or  four  Intervals  during  a  total  Illumination  period 
of  about  24  hr. 

In  a  typical  experiment  model  particles  were  suspended  in  seawater  or  7-lon  sea¬ 
water  at  a  suspension  density  of  about  0.4  x  107  part lcles/ol  In  25  ml  Corex  centrifuge 
tubes  with  polypropylene  screw  caps.  The  particles  were  exposed  to  increasing  volumes 
of  seawater  by  successive  centrifugations  and  resuapenaiona  with  25  ml  portions.  It  was 
necessary  to  break  up  aggregates  of  particles  In  fresh  suspensions  of  quartz  and  german¬ 
ium  and  also  occasionally  after  numerous  centrifugations  by  brief  treatment  with  an 
ultrasonic  probe  shielded  from  direct  contact  with  the  seawater  by  a  glass  teat  tube 
filled  with  water.  This  treatment  did  not  detectably  affect  the  mobilities. 


RESULTS  AND  DISCUSSION 

The  electrophoretic  mobilities  of  the  model  particles  of  anion  exchange  resin, 
quartz  and  germanium  exposed  to  Increasing  voluaws  of  two  quite  different  kinds  of  sea¬ 
water  are  shown  In  Figs.  1  and  2  (left  section).  The  Gulf  of  Mexico  sample  had  the 
rather  high  salinity  and  low  fertility  typical  of  tropical  seas  while  that  from  the 
Chesapeake  Bay  was  estuarine  and  of  low  salinity.  In  both  samples  the  mobilities  assumed 
by  the  model  particles  after  equilibration  fell  in  a  rather  narrow  range:  from  0  to  -0.6 
for  Gulf  water  and  -0.55  to  -0.80  for  Bay  water.  These  results  are  similar  to  those 
obtained  earlier  with  other  materials  In  other  seawater  samples,  namely,  that  all 
partlclea  tend  to  asaume  similar  mobilities  (aid  therefore  surface  charge)  when  exposed 
to  seawater  (1).  As  already  awntloned  a  tenable  explanation  for  these  results  Is  that 
the  partlclea  become  coated  with  minor,  electrcnegative  constituents  dissolved  in 
seawater.  In  auch  situations  It  la  well  known  that  adaorbed  material  usually  dominates 
electroklnetlc  behavior  regardless  of  the  nature  of  the  underlying  surface  (12).  We 
shall  discuss  the  results  In  terms  of  this  hypothesis. 

With  quartz  and  germanium,  surface  coverage  with  adaorbed  material  is  apparently 
complete  at  the  first  contact  of  particles  with  the  smallest  volume  of  water  used  (5  ml) 
and  no  significant  changes  In  mobility  occurred  with  Increasing  volumes  of  either  sample 
of  natural  seawater.  With  the  Ion  exchange  realn,  however,  there  is  an  Indication  of 
less  than  equilibrium  coverage  with  exposure  to  small  quantities  of  Bay  water  and  in 
Gulf  water  an  exposure  of  about  250  ml  is  required  before  a  constant  surface  charge  Is 
reached.  The  greater  volume  required  for  equilibration  of  the  resin  Is  probably  due 
largely  to  Its  porous  nature,  which  would  result  in  a  much  larger  capacity  for  Inter¬ 
action  with  seawater  conatltuents  compared  to  the  relatively  smooth,  non-porous  surf sees 
of  glass  and  germanium.  The  larger  amount  of  Gulf  water  needed  to  reach  a  constant 
surface  charge  compared  to  Bay  water  la  correlated  with  its  lower  content  of  dissolved 
organic  carbon,  0.75  ag  carbon  /  1  versus  2.3  mg  carbon  /  1. 

More  definitive  evidence  that  organic  matter  Is  implicated  in  contributing  a 
surface  charge  to  the  particles  In  seawater  la  derived  from  experiments  in  photo- 
oxidized  madia  (middle  section,  Figs.  1  and  2).  Quartz  in  all  case's  is  observed  to 
carry  a  negative  charge  consistent  with  Its  behavior  In  simpler  electrolyte  solutions 
(13).  In  photo -oxidized  Bay  water,  however,  the  charge  Is  especially  high.  In  this 
caae  the  adsorption  of  material  carrying  only  a  moderate  electronegative  charge  would 
be  expected  to  Impart  a  lower  charge  to  the  surface.  This  is  the  result  actually 
observed  In  untreated  Bay  water.  In  photo-oxidized  Gulf  water  the  surface  charge  of 
quartz  la  ao  similar  to  that  In  the  untreated  water  that  the  formation  of  an  adsorbed 


adsorbed  film  cannot  be  demonstrated;  other  techniques  would  be  required.  Germanium 
carries  a  much  lower  charge  than  quartz  In  photo-oxldlzed  watera.  However,  adsorption 
of  electronegative  constituents  from  untreated  water  Imparts  an  Increased  charge  with 
the  result  that  germanium  and  quartz  show  nearly  the  aame  surface  charge  In  both  Bay 
and  Gulf  waters. 

The  ion  exchange  resin  particles  exhibit  the  s»st  marked  differences  between 
photo-oxldlzed  and  untreated  waters.  The  high  positive  mobilities  in  photo-oxidized 
seawaters  are  to  be  expected  If  the  strongly  basic  quaternary  ammonium  groups  which  it 
carries  are  free  to  dissociate  in  solutions  of  non-complexlng  electrolytes.  In  untreated 
Gulf  water  the  charge  on  the  resin  particles  Is  lowered  only  to  zero  and  not  to  a  nega¬ 
tive  value  comparable  to  that  of  quartz  and  germanium.  Similarly  paiticle  mobilities 
In  the  presence  of  adsorbing  protein  have  been  found  to  vary  aomewhat  with  the  nature  of 
the  particulate  material  (12,14).  This  may  be  due  In  this  case  to  Incomplete  coverage 
of  fixed  positive  groups  by  negatively  charged  adsorbing  constituents.  Whether  the  more 
complete  coverage  apparent  In  Bay  water  Is  due  to  a  greater  concentration  or  chemical 
difference  In  adsorbing  species,  or  to  still  other  factors  cannot  yet  be  decided. 

In  the  right  hand  sections  of  Figs.  1  and  2  are  shown  the  results  of  transferring 
the  same  particles  which  had  been  exposed  to  repeated  changes  of  photo-oxldlzed  seawater 
(middle  section)  to  untreated  water.  In  all  cases  there  Is  a  change  in  mobility  after 
comparable  washing  to  the  values  obtained  by  direct  Immersion  In  untreated  water  (compare 
left  section).  Thus  exposure  to  photo-oxldlzed  seawater  produces  no  Irreversible  surface 
changes  In  any  of  the  model  particles. 

For  reasons  which  have  been  discussed  by  Strickland  and  Parsons  (IS)  It  Is  not 
possible  to  ascertain  by  available  analytical  methods  whether  the  photo-oxidation  pro¬ 
cedure  completely  destroys  all  the  organic  matter  In  seawater.  Our  analyaea  for  dls- 
aolved  organic  carbon  Indicate  only  that  acre  than  90%  has  been  fully  oxidized.  We  have 
attempted  to  compenaate  for  thla  uncertainty  by  increasing  the  time  of  lrradatlon  several 
fold  over  the  original  recommendation  of  Armstrong,  et  al.  (7).  The  constancy  of  the 
mobility  values  with  exposure  to  increasing  volumes  of  Irradiated  water  la  conalstent 
with  the  view  that  any  undestroyed  organic  matter  remaining  is  not  surface  active. 

Additional  support  for  the  contention  that  the  surface  charge  of  the  particles  is 
not  being  significantly  Influenced  by  residual  organic  matter  In  photo-oxldlzed  seawater 
comes  from  the  mobility  data  In  Irradiated  7-lon  seawater  of  the  same  Ionic  strength  as 
the  natural  aeawater  samples  (middle  sections,  Figs.  1  and  2).  The  surface  charge  of  all 
particles  in  the  two  kinds  of  photo-oxldlzed  water  Is  essentially  the  same.  It  is  ex¬ 
tremely  unlikely  that  residual  organic  material  can  be  producing  such  similar  effects  in 
these  two  different  media.  Rather  It  seems  reasonable  to  conclude  that  only  the  seven 
major  Ions  of  photo-oxldlzed  seawater  are  Important  In  determining  the  surface  charge  of 
these  particles.  Auxiliary  experiments  with  Irradiated  7-lon  seawater  which  had  lower 
than  the  normal  concentration  of  magnesium  Indicated  that  this  Ion  was  Important  in 
determining  the  charge  of  gersianlum  and  quartz  but  not  of  the  ion  exchange  resin.  This 
la  consistent  with  the  observed  effects  of  polyvalent  Iona  on  negatively  charged  surfaces 
(16). 

It  will  be  noted  that  the  mobilities  of  a  given  kind  of  particle  are  higher  In 
Bay  than  In  Gulf  water.  Thla  can  be  largely  attributed  to  the  presence  of  a  more  ex¬ 
panded  Ionic  double  layer  outside  the  surface  of  shear  sround  the  particle  in  the  lower 
Ionic  strength  Bay  water  (17).  However,  the  difference  in  mobility  between  the  two  media 
la  not  the  same  for  different  particles  because  different  materials  can  be  expected  to 
follow  different  Ionic  strength  mobility  relationships  as  a  result  of  factors  such  as  Ion 
adsorption  and  porticle  conductivity  (12,17),  Therefore  It  Is  not  yet  possible  to  draw 
quantitative  conclusions  about  the  similarity  of  adsorbed  materials  in  samples  of  natural 
aeawater  of  different  Ionic  strength.  Spectral  atudies  may  be  more  helpful  in  establish¬ 
ing  the  chemical  nature  of  substances  adsorbing  from  different  seawaters. 

A  rough  check  on  the  adequacy  of  the  supply  of  organic  matter  of  seawater  to  give 
aubstantlal  surface  coverage  of  the  model  particles  can  be  made  by  introducing  several 
approx laMt Ions  and  assumptions.  The  lnterfaclal  area  in  1  ml  of  a  standard  suspension 
containing  about  0.4  x  107  particles  of  a  n on-porous  material  such  as  quartz  and  germanium 
Is  about  0.2S  cm2  assuming  an  average  particle  size  of  1  ym  and  a  roughness  fsctor  of  two 
(18).  A  proteinaceous  material  giving  aionolayer  coverage  in  this  area  with  about  0.8  x 
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10“*  ag/ca3  would  require  •  dissolved  organic  carbon  concentration  of  0.01  ag/1  aaaualng 
a  carbon  content  of  50%.  Thla  la  leaa  than  2%  of  the  aaount  found  even  in  the  nore  dilute 
Oulf  aaaple  (0.75  ag  C/1).  An  aaauaptlon  of  no  nolayer  coverage  by  other  typea  of  organic 
coa pound i  would  not  change  thla  eatiaate  by  Bore  than  a  factor  of  three.  Thua  it  would 
appear  that  the  adaorbable  conatltuenta  could  represent  a  very  aaall  fraction  of  the  total 
organic  content. 

An  aaaeaaaent  of  the  difficulty  of  re  novel  of  adaorbed  conatltuenta  waa  carried  out 
by  subjecting  particle*  previously  equilibrated  with  untreated  aeawater  to  washing  In 
photo-oxldlzed  seawater.  The  degree  of  retention  nay  be  estlaated  fron  the  ratio  of  the 
SM>blllty  change  after  washing  to  the  total  change  posalble  If  reversion  to  the  nobility  of 
fresh  particles  In  photo-oxldlzed  asdla  were  attained.  After  waahlng  with  up  to  eight 
25  al  portions  over  a  period  ot  a  day,  geraaniun  and  quartz  showed  retentions  ot  70%  and 
90%,  respectively,  while  the  Ion  exchange  re a  in  retained  100%  of  Its  nobility.  Additional 
washing  In  distilled  water  followed  by  re  suspension  in  photo-oxldlzed  seawater  lowered  the 
retention  values  of  quartz  and  Ion  exchange  realn  to  as  little  as  80%  but  produced  little 
further  change  In  geraaniun.  The  results  show  that  the  adsorbed  constituents  are  rather 
tightly  held  by  the  particle  surfaces  and  suggests  that  they  are  eacromolecular  inasmuch 
as  the  cooperative  natujw  of  the  aultlple  binding  sites  possible  In  such  aaterlals  would 
readily  account  for  a  strong  association  (19).  Other  evidence  for  thla  haa  been  discussed 
previously  (1). 

The  results  of  this  study  show  that  aaterlals  with  electropositive  or  strongly 
electronegative  surface  charges  are  unlikely  to  exiat  In  natural  aeawater.  Materials 
which  are  capable  of  exhibiting  extrene  surface  charges  in  water  containing  only  the 
inorganic  constituents  of  seawater  will  take  on  aoderately  negative  charges  when  exposed 
to  natural  seawater.  This  occurs  as  a  result  of  a  rapid  Interaction  with  dissolved 
organic  aaterlal.  In  view  of  the  variety  of  aaterlals  on  which  such  adsorption  haa  been 
shown  to  occur  we  suggest  that  It  nay  take  place  on  all  surfaces  at  least  to  soae  extent. 
Dissolved  polyaerlc  aaterlals  In  particular  have  the  required  properties  for  this  Inter¬ 
action.  Proteinaceous  and  hualc  aaterlals  and  other  substances  derived  froa  the  degra¬ 
dation  of  natural  products  of  marine  and  terrestrial  origin  are  predominantly  negatively 
charged  polymers  and  are  therefore  attractive  candidates  (20).  Adsorbed  aaterlals  aay 
very  well  favor  the  colonization  of  aarine  microorganisms  (4)  and  thereby  constitute  the 
first  step  In  a  sequence  of  events  leading  to  nacrof oullng. 
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Electrophoretic  mobilities  of  model  pertlcles 

In  artificial  and  Culf  of  Mexico  seawaters. 
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Fig.  2.  Electrophoretic  Bobllltles  of  eodel  particles 
In  artificial  and  Cheaapeake  Bay  seawater. 
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Discussion 

Question :  I  am  not  too  sure  whether  to  direct  this  question  to  Dr.  Neihof 
or  Dr.  Baier.  Both  of  them  might  like  to  consider  it;  from  your  results 
and  from  the  type  of  thing  that  Dr.  Baier  is  reporting,  you  do  get  these 
conditioning  layers  probably  organic  layers  which  Dr.  Baier  was  talking  about 
on  the  surface  to  which  something  will  adsorb.  You  are  talking  about  the 
smaller  particles.  It  is  obvious  that  both  the  smaller  particles  and  the 
large  surface  are  both  being  (or  probably  being)  covered  or  conditioned 
by  the  same  material.  How  is  this  going  to  affect  their  interaction  or 
that  between  the  small  particle  and  the  large  surface? 

Neihof:  Well,  one  can  speculate  of  course.  It  is  easy  to  see  in  something 
like  an  ion  exchange  resin  that  electrostatic  interactions  are  going  to 
be  very  strong.  It  is  not  so  easy  to  see  on  that  basis  why  something  with 
an  electro-negative  charge  is  going  to  adhere  to  something  else  with  an 
electro-negative  charge,  but  I  think  people  like  Pethica,  for  example,  have 
indicated  enough  possibilities,  dipole-dipole  interactions,  hydrogen  bonding, 
and  you,  yourself,  indicated  some  possibilities  this  morning  so  that  it  is 
easy  to  find  mechanisms  for  the  sticking  of  particles  to  surfaces  even 
though  the  electrostatic  forces  do  not  appear  to  be  there.  There  is  also 
the  possibility  of  a  mosaic  of  charges  on  a  surface  which  itself  may  look 
like  a  negative  surface,  but  positive  groups  may  nevertheless  be  present  and 
be  taking  part  in  binding  of  an  electrostatic  nature.  There  is  one  thing. 

I  hope  I  didn't  confuse  anybody.  I  did  forget  to  say  that  in  all  of  these 
model  particle  studies  the  sea  water  had  been  previously  centrifuged  to 
clarify  it  of  any  natural  particles.  So  the  work  on  model  particles  is 
completely  divorced  from  that  on  natural  particles.  Now,  I  would  like  to 
imply  although  I  have  nothing  to  really  prove  this,  that  natural  particles 
may  very  well  have  interacted  with  the  materials  that  contribute  this 
negative  charge,  although  that  is  not  necessary.  Many  of  them  are  already 
negatively  charged  but  if  in  laboratory  systems,  they  do  perhaps  show 
extreme  electro-negative  charges,  they  are  obviously  not  likely  to  do  so 
in  sea  water.  I  doubt  if  that  answers  your  question. 

Baier:  I  doubt  if  I  can  shed  any  great  light  on  this  interaction  between 
the  small  particles  and  the  large ,  but  it  gives  me  the  opportunity  to  make 
the  cosmient  that  Rex  and  George  have  now  shown  something  that  has  been 
familiar  in  other  biologically  active  fluids  (in  particular,  blood,  where 
the  surface-charged  induced  adhesive  hypothesis  has  been  invoked  time  and 
time  again)  that  a  net  negative  surface  might  in  some  way  repell  net 
negatively  charged  cells  in  a  saline  media  and  it  has  been  found  by  a  group 
led  by  Lynacker  and  colleagues  many  years  ago  that  no  matter  what  the 
original  surface  charge  as  measured  by  say,  resting  potential  of  metals, 
or  zeta  potential  of  insulators,  plastics  and  so  on,  that,  if  they  are 
flowed  with  blood,  with  serum,  with  even  pure  protein  solutions,  within 
seconds  of  contact  of  the  protein-containing  medium,  they  all  come  to  the 
identical  surface  state  in  terms  of  surface  charge.  So  in  terms  of 
implications  for  biological  adhesions,  biological  fouling,  if  we  are  going 
to  continue  to  think  of  surface  charging  having  an  influence  at  all,  we  have, 
therefore,  to  think  of  the  original  surface  charge  state  as  influenced 
through  perterbation  of  the  initially  adsorbed  organic  layer  and  that  once 
that  organic  layer  has  brought  everything  to  the  same  state  of  surface 
charge,  the  latter  can  no  longer  dictate  subsequent  result.  It  has  to  now 
be  mediated  through  the  protein  or  other  organic  three-dimensional 
configuration  or  chemical  groups  and  I  look  upon  these  last  couple  of  slides, 
especially  the  Chesapeake  Bay  water  as  a  beautiful  extension  of  the 
findings  to  other  biological  regimes  such  as  sea  water  which  we  can  now 
all  consider  a  very  dilute  chicken  soup. 
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Ship-fouling  «a  gn  evolutionary  process. 

G.  Russell  and  O.P.  Morris. 

Department  of  Botany,  The  University,  Liverpool  L69  3BX,  England 


Ectocarpua  slllculoeus  is  a  cosmopolitan  species  of  brown  algae 
and  it  occurs  naturally  In  a  wide  range  of  habitat  conditions.  It 
is  also  one  of  the  oost  consistently  successful  ship-fouling  algae, 
often  present  in  sufficient  quantity  to  cover  large  areas  of  hull 
treated  with  copper-based  antifouling  preparations* 

Preliminary  investigations  have  shown  that  ship-borne 
Eo  to  carpus  has  a  higher  tolerance  to  copper  than  plants  of  the  same 
species  collected  from  an  uncontaminated  rocky  shore  (1)^.  This 
study  has  been  extended  to  include  a  large  number  of  Ectocarpua 
populations  collected  from  diverse  habitats. 

Isolates  from  these  populations  have  been  grown  in  unialgal 
culture  and  their  performance  in  the  presence  of  copper  has  been 
assessed  by  means  of  a  new  bioassay  technique.  The  technique, 
which  tests  early  developmental  stages  as  well  as  adult  material, 
is  described  in  detail. 

Our  results  show  that  copper  tolerance  in  Ectocarpua  is  a 
fairly  widespread  phenomenon,  usually  having  evolved  in  populations 
whose  habitat  conditions  are  associated  with  high  copper  concentrations. 

However,  copper  tolerance  has  also  been  found  to  arise  by 
spontaneous  mutation  from  an  otherwise  copper  sensitive  strain, 
thereby  producing  plants  of  high  potential  fouling  ability.  Hie 
heritable  nature  of  copper  tolerance  has  been  established  by 
culture  of  many  successive  generations  of  plants. 

Methods  by  which  population  differences  are  maintained  are 
mentioned  and  the  significance  of  our  findings  in  relation  to  fouling 
problems  is  discussed. 

Key  words:  Copper  tolerance;  population;  selection;  mutation. 


1.  Introduction. 

Hie  purpose  of  this  investigation  was  to  examine  the  ship-fouling  properties  of 
Ectocarpua  slllculoeus.  Linked  with  the  success  of  this  species  as  a  fouling  alga  is  its 
cosmopolitan  distribution  and  capacity  to  grow  in  a  very  wide  range  of  marine  and  estuarine 
habitats.  On  the  basis  of  this  information  it  seemed  sensible  to  consider  the  possibility 
that  the  adaptive  properties  of  E.  slllculoeus  might  be  genetically  determined  and  that 
genetic  variability  might  account  also  tor  the  ship-fouling  aptitude  of  the  species.  We 
decided  therefore  to  examine  this  species  on  a  population  basis  and  in  relation  to  copper, 
the  traditional  antifouling  toxicant. 


le  numbers  in  parentheses  refer  to  the  list  of  references  at  the  end  of  this  paper, 


UIUUM  JJMW.IJUIE- 1 H  Jlllli  1 J 


2,  Methods. 

We  used  the  tern  'population*  in  the  sense  only  of  a  number  of  Ectocarpua  plants 
growing  together  within  the  confines  of  a  recognisable  habitat,  eg.  a  ship  *  a  hull  or  a 
particular  area  of  shore  line. 

Such  plants  were  isolated  and  grown  in  laboratory  culture  using  a  relatively  inorganic 
medium  based  on  that  of  von  Stosch  (2). 

The  response  of  the  plants  to  copper  was  measured  chiefly  by  growth  although 
observations  on  fertility  and  morphology  were  also  made.  Growth  of  adult  plant  material 
was  assessed  by  centrifugation  in  blood  sedimentation  (Wintrobs)  tubes  for  10  minutes  at 
4,000  rpm.  Juvenile  stages  grown  from  motile  zoospores  were  measured  on  the  basis  of  cell 
counts  and  filament  lengths.  All  material  was  grown  in  100  ml  of  medium  contained  in 
'Pyrex*  crystallising  dishes.  All  cultures  received  continuous  illumination  of  2,700  lux 
from  'White'  fluorescent  tubes  and  all  were  grown  at  11°C. 

Under  these  conditions  the  plants  grew  well  and  gave  consistent,  repeatable  results. 
All  experiments  were  run  in  duplicate  and  the  results  did  not  indicate  a  requirement  for 
further  replication.  Experiments  with  adult  material  were  terminated  after  35  days  of 
growth;  sporeling  experiments  were  terminated  21  days  after  zoospore  discharge. 

3.  Results. 


1.  Population  analyses. 

The  responses  of  E.  slllculosus  populations  to  copper  were  compared  in  two  ways: 

A.  Overall  population  responses  were  indicated  by  the  performance  of  single  cultures 
containing  ten  plants  sampled  from  each  population.  This  approach  was  used  for  both  adult 
and  sporeling  material. 

B.  The  performances  of  ten  or  twenty  single  plant  isolates  were  measured  separately  to 
assess  possible  variation  within  populations  from  different  habitats. 

A.  Overall  population  responses. 

Fig.  1  shows  the  results  obtained  for  adult  plant  samples.  Ship-fouling  populations 
plus  certain  others  show  relatively  high  tolerance  to  copper.  The  most  tolerant  plants 
were  those  collected  from  habitats  with  substrates  of  high  oopper  content,  for  example  on 
rocks  at  old  copper  minings  (Bradda)  and  on  the  painted  surface  of  a  test  panel  (Salcombe 
Panel).  Some  populations  show  such  a  high  degree  of  adaptation  to  a  cupriferous 
environment  (eg.  Daphnella)  that  the  plants  grew  better  at  a  copper  concentration  of  0.10 
mgmAitre  than  in  the  control  medium. 

As  is  shown  in  Fig.  2,  sporelings  showed  essentially  the  same  response  to  copper  as  the 
adults  from  which  they  were  derived. 

At  this  point  in  the  investigation  it  seemed  possible  that  copper  tolerance  might  only 
refleot  differences  in  vigour  of  the  strains  involved.  This  was  overcome  by  devising  an 
index  of  copper  tolerance  which  simply  related  plant  performance  under  treatment  with  growth 
under  control  conditions.  Low  tolerance  indices  were  given  by  non-tolerant  populations 
while  the  more  copper-tolerant  plants  gave  higher  values,  as  shown  in  Figs.  3  &  4.  In  most 
oases  it  was  necessary  to  consult  both  growth  rate  and  tolerance  index  values  to  effect  a 
full  comparison  of  population  responses  to  copper. 

The  tolerance  index  also  provided  a  means  of  comparing  adult  and  sporeling  performance) 
the  high  correlation  between  adult  and  sporeling  indices  (p<0.001{  see  Fig.  5)  indicates 
that  copper  tolerance  is  under  genetic  control  and  is  transmitted  normally  from  generation 
to  generation. 


B.  Individual  plant  reaponaea. 

The  observations  on  sporeling  growth  suggested  considerable  variability  within 
populations;  this  variation  has  been  quantified  for  adult  plant  samples  of  populations  from 
four  different  habitats  on  the  coasts  of  England,  Wales  and  the  Isle  of  Han. 


1.  Rhosneigr  (Wales) 

2.  Brad da  (Isle  of  Man) 

3.  Sail  combe  Panel  (England) 

4.  Port  St.  Mary  (Isle  of  Man) 


-  un contaminated  rocky  shore. 

-  highly  toxic  copper  mine. 

)  May  be  subject  to  spore  immigration  from 
j  areas  of  high  copper  influence. 


The  results  obtained  (Figs.  6  and  7)  show  that  at  Bradda,  where  the  influence  of 
copper  is  very  strong,  natural  selection  elimirates  all  but  the  more  tolerant  plants. 
Conversely  at  Rhosneigr  it  would  appear  that  in  the  absence  of  copper  the  tolerant  genotype 
is  at  a  seleotive  disadvantage. 


Variation  may  be  maintained  or  enhanced  in  the  remaining  populations,  as  a  result  of  one 
or  more  factors  which  may  include  oicrohabitat  differences  in  selectivity,  spontaneous 
imitation  in  established  genotypes,  or  immigration  from  adjacent  copper  tolerant  populations. 

2.  Mutation. 


Treatment  of  zoospores  from  the  Rhosneigr  strain,  a  copper-sensitive  population, 
resulted  on  one  occasion  in  the  appearance  of  a  single  plant  growing  in  a  medium  containing 
0.10  mgm  Cu/1,  Fig.  2.  This  first  generation  plant,  the  sole  survivor  of  an  inoculum  of 
about  120,000  zoospores,  proved  capable  of  growth  and  reproduction  in  a  copper  concentration 
which  was  lethal  both  to  its  parent  material  and  to  its  siblings. 

The  progeny  of  this  plant  were  subcultured  into  two  different  media  half  were  grown  - 
through  nine  suooessive  generations  -  in  the  absence  of  selection  l.e.  in  control  medium, 
while  half  were  subjected  to  selection  in  a  medium  containing  0.10  mgm  copper/litre. 

Die  ninth  generation  sporelings  from  both  regimes  were  compared  by  subculturing  in  control 
and  oopper  media.  Results  are  given  in  Fig.  8. 

The  second  and  ninth  generations  of  tolerant  sporelings  did  not  differ  significantly 
in  response  to  oopper  whether  grown  previously  in  a  control  medium  or  in  one  containing 
oopper.  The  responses  of  these  sporelings  did,  however,  differ  significantly  from  those  of 
first  generation  siblings  and  the  parent  strain. 

This  indicates  that  the  solitary  first  generation  survivor  of  copper  treatment  is 
indeed  a  spontaneous  mutant  for  oopper  tolerance.  The  results  also  show  that  oopper 
toleranoe  is  a  stable  character  oapable  of  unchanged  transmission  through  at  least  nine 
asexual  generations. 


4.  Discussion. 

The  results  hsve  shown  that  E.  slliculosus  is  not  uniform  in  its  response  to  copper, 
and  the  exlatenoe  of  copper  tolerant  populations  -  associated  with  high  levels  of 
environmental  oopper  -  has  been  demonstrated. 

Inevitably  such  populations  would  have  a  high  fouling  potential  against  copper-based 
antifouling  paints,  and  once  established  on  a  ship  they  would  be  provided  with  an  excellent 
means  of  dispersal  so  that  this  metal  would,  in  time,  be  expeoted  to  lose  its  effectiveness 
against  fouling  plants  in  much  the  same  way  as  DDT  became  ineffective  against  inseots  and 
warfarin  against  rats. 

It  is  highly  probable  that  the  variable  nature  of  Ec  to  carpus  is  the  basis  of  the 
unaccountable  variation  in  success  of  antifouling  techniques.  A  toxic  hull  may  come  into 
contact  with  a  highly  tolerant  population  and  be  unexpectedly  fouled  while  a  susceptible 
ship  nay  avoid  such  populations  and  remain  dean  for  a  long  time. 
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Naturally  occurring  copper-tolerant  populations  may  be  associated  with  mine  wastes , 
cupriferous  rock  or  the  long  term  use  of  copper  as  an  antifouling  toxicant.  Although 
such  populations  obviously  provide  the  most  potent  source  of  further  fouling,  a  chance 
contact  between  a  mutant  spore  on  a  ship's  hull  could  lead  to  hull  colonisation  from  an 
otherwise  harmless  population. 

The  situation  may  also  be  complicated  by  the  chelating  effects  of  EDTA  and  soil 
extract,  both  of  which  have  been  shown  effectively  to  reduce  the  toxicity  of  copper  to 
E6  to carpus.  On  the  other  hand  we  have  found  that  reduced  light  intensity,  though  retarding 
the  growth  of  Ectocarpus.  did  not  in  fact  materially  affect  itB  intrinsic  copper  tolerance. 
Both  these  observations  obviously  relate  to  the  conditions  in  a  port  system  rich  in  organic 
pollutants  or  containing  silty  water. 

In  the  search  for  new  antifouling  preparations  and  procedures  it  is  clear  that  all 
aspects  of  the  proposed  shipping  route  should  be  known.  This  formidable  objective  is 
probably  unrealisable  but  a  more  comprehensive  bioassay  method  should  at  least  establish 
a  firmer  basis  for  prediction. 
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Discussion 

R.A.  Reihof  suggested  that  an  organism  adapted  to  a  copper  species  contained  in  a  fresh¬ 
water  outlet  would  not  necessarily  be  adapted  to  the  copper  species  leaking  out  of  antifouling 
paint.  O.P.  Morris  replied  that  he  had  information  only  on  the  converse  situation:  plants  grow¬ 
ing  on  antifouling  paint  were  found  also  to  be  tolerant  to  ionic  copper  in  the  culture  medium. 

In  reply  to  the  question  whether  the  different  developed  tolerances  to  copper  were 
associated  with  its  uptake,  O.P.  Morris  replied  that  Ectocarpus  zoospores  display  the  same  resist¬ 
ance  as  the  adult  material,  though  they  have  no  cell  wall.  It  was  therefore  difficult  to  conceive 
of  a  tolerance  mechanism  dependant  on  the  exclusion  of  copper  from  the  cell.  The  actual  copper 
content  of  small  marine  algae  had  not  so  far  been  analysed. 

J.  Smith  observed  that  although  copper  paints  had  been  used  on  ships  for  years,  he  had 
not  yet  experienced  a  fouling  problem  with  Ectocarpus .  though  he  had  with  Enteromorpha.  O.P. 

Morris  replied  that  in  his  experience,  Ectocarpus  on  ships  was  confined  to  the  lower  half  of  the 
hull,  where  growth  is  not  luxuriant  and  the  plants  are  inconspicuous.  Possibly  it  was  excluded 
from  better  lit  situations  by  competition  from  Enteromorpha.  He  thought  that  copper  tolerance 
would  by  now  be  firmly  established  in  both  of  these  fouling  algae.  It  was  then  reported  that 
ships  coming  into  Southampton  were  fouled  not  only  by  Ectocarpus  and  Enteromorpha.  but  by  Giffordia. 
Ccramium  and  Polyaiphonia. 

Another  speaker  asked  whether  there  was  any  relationship  between  the  salinity  at  the  site 
of  collection  and  the  tolerance  of  the  plants  to  copper.  The  salinity  of  the  culture  medium  was 
between  33  and  35° /00.  The  Isle  of  Man  populations  at  Bradda,  Port  Erin  and  Port  St.  Mary  were  all 
growing  within  a  mile  of  each  other.  The  salinity  did  not  vary  significantly,  but  the  copper 
tolerances  were  considerably  different,  so  suggesting  no  correlation. 

J.S.  Ryland  inquired  whether  Ectocarpus  bred  asexually  or  sexually,  and  whether  acquired 
tolerances  were  transmitted  to  sexually  produced  offspring.  O.P.  Morris  replied  that  British 
Ectocarpus .  used  in  his  research,  reproduces  asexually,  but  that  sexually  reproducing  populations 
exist  in  warmer  waters,  as  at  Naples  for  example. 

H.  Barnes  pointed  out  that  the  strength  of  the  copper  in  the  solutions  utilized  exceeded 
its  solubility  product  in  sea  water.  It  was  important,  therefore,  to  ascertain  what  state  the 
copper  was  in.  Was  it  complexed  ?  Does  its  free  ion  effect  copper  entry  to,  and  indeed  action 
in,  the  plant  cell  ?  It  was  essential  to  learn  more  about  the  physical  chemistry  of  copper  in  sea 
water,  and  in  media  which  contain  organic  materials,  and  to  know  something  about  the  relation 
between  copper  inside  and  outside  the  cell. 


%  increase/decrease  in  voume 

rig  i. 

— Tha  effect  of  two  copper  concentrations  on  the 
growth  in  culture  of  adult  population  samples  of 
E.silioulosus . 

Closed  histograms-  14  day  results;  open  histograms-  35  day 
results . 
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INOEX  OF  TOLERANCE 


Indices  of  tolerance  of  E.BiliculoBua  populations 


calculated  for  adult  plant  samples  at  two  copper 
concentrations . 

Closed  histograms-  14  day  values j  open  histograms-  35  day 
values . 
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Correlation:  Mean  adult/mean  eporeling  sample  Index  of 
copper  tolerance  for  14  populations  of  E.slliculosus. 
y  -  0.63*  ♦1.16s  r  -  0.835. 
e  -  non-tolerant  populations. 

■  -  populations  tolerant  at  the  O.lOmgm  Cu/1  level. 

*  -  populations  tolerant  at  the  0.50mgm  Cu/1  level. 
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Fig  6. 


Growth  of  Individual  adult  rlants  of 


B.ailloulosus .sampled  from  four  populations, in  control 
and  two  ooppsr  media  after  35  days. 

Open  histograms  represent  positive  growth  (dosed 
histograms  denote  a  deorease  in  plant  volume. 

Individual  plant  performances  are  represented  as  means 
of  duplicate  treatments (population  means  are  indicated 
by  arrows. 


728 


-=s —  Index  of  toleranoe  distribution  in  adult 

plant  saaplsa  of  B.eiliouloaus  populations  after  35  days 
Values  for  Individual  plants  are  as ana  of  duplicate 
treatments  (population  means  are  Indicated  by  arrows. 


rig  8. 

Selection  for  copper  tolerance  in  eporellnge  of 
E.eiliouloaua  over  9  generations. 

Generation  2  aporelings  are  derived  from  the  single  tolerant 
plant  selected  for  (at  0.10  agm/l)in  the  first  generation. 

Histograms  represent  the  sum  of  two  duplicates  for  each 
treatment .Means  are  indicated  h y  arrows. 
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Larval  Transport,  Settlement,  and  Population  Structure  of  Offshora 

Blofouling  Aiiaablagaa  In  tha  Northeastern  Gulf  of  Maxleo 

W.  E.  Paquagnat  and  Linda  H.  Paquegnat 

Texas  A&M  Unlvaraity 
Collaga  Station,  Taxaa  77843 

Results  are  praaantad  from  a  two-year  study  of  tha  development 
of  fouling  assemblages  on  plastic-float  arrays  anchored  in  the  Gulf 
of  Mexico  at  2,  11,  and  23  nllea  offahora  frost  Psnsma  City,  Florida. 
All  three  arrays  carried  floats  nssr  tha  surface  (4  m)  and  near  tha 
bottom  (17,  29,  and  44  m) ,  as  wall  as  at  common  depths  in  between. 
Floats  ware  harvested  and  replaced  at  Intervals  varying  from  two 
weeks  to  one  year. 

Differences  in  depth,  distance  from  shore,  season,  duration  of 
exposure,  and  orientation  to  currants  created  major  differences  in 
speclas  diversity,  the  complexity  of  blotal  assemblages,  and  the 
production  of  standing  crop  biomass.  Iha  causes  of  successlonal 
changes  in  predominant  species  are  discussed.  Estimates  are  given 
of  the  magnitude  of  secondary  production  for  some  common  species. 

Differences  in  species  composition  and  diversity  existing  among 
the  float-arrays  and  at  different  depths  on  the  same  array  revealed 
that  the  water  classes  bathing  the  floats  had  vary  different  histo¬ 
ries.  Hence,  points  of  settlement  of  the  pelagic  larvae  of  some  epl- 
faunal  species  can  aid  in  identifying  different  water  masses  of  the 
water  colusm. 

Organotin  used  hare  proved  to  be  an  effective  deterrent  to  the 
development  of  swat  invertebrates  but  not  to  algae.  Rotations  are 
given  on  quasl-antlfouling  effects  resulting  from  biological  inter¬ 
actions  and  manipulation  of  some  environmental  parameters. 

Kay  Horde:  Blofoullng  assemblages;  eplfauna;  biomass;  secon¬ 
dary  production;  meroplankton;  water  masses;  antl-foulant; 

barnacles;  hydrolds. 


1.  Introduction 

This  paper  Is  based  upon  data  generated  by  a  two-year  study  of  the  accumulations  of 
marine  organisms  upon  plastic  floats  introduced  into  the  NE  Gulf  of  Mexico  at  three  sites 
offshore  from  Panama  City,  Florida  (Fig.  1). 

Tha  study's  principal  objectives  were  (1)  to  predict  the  nature  of  the  fouling  assem¬ 
blages  likely  to  develop  upon  various  types  of  undatwater  sensors  placed  at  specified  loca¬ 
tions  in  tha  water  column,  and  (2)  to  test  ths  effectiveness  of  an  organotin  chsmlcal  at 
minimising  the  rate  of  development  and  ultimate  mass  of  the  fouling  accumulations.  Tha 
laboratory  analyses  of  the  fouling  populations  required  to  achieve  these  objectives  produced 
a  wealth  of  information  on  the  ecology  of  the  shelf  waters  of  this  part  of  the  NE  Gulf.  As 
the  study  progressed,  it  became  apparent  that  soeie  of  the  biological  data  helped  our  under¬ 
standing  of  the  circulation  of  these  local  waters  ar..l  linked  some  of  these  movements  with 
such  major  circulations  as  ths  East  Gulf  Loop  Current. 

As  a  result  of  these  conclusions,  we  tested  the  feasibility  of  using  larval  transport 
and  settlement  as  a  tool  for  discerning  clrculstlon  patterns.  In  addition,  interest  was 
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FIGURE  2.  Float  position*  at  ths  thrsa  fouling  stations:  F-2  (2  alias  offshore) ,  F-l 
(11  alias  offshore),  and  F-3  (25  alias  offshore). 
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heightened  in  deriving  relatlonehlp*  between  larval  origlne,  water  movement*,  and  population 
(tructure  of  blofouling  aseemblage*  produced  at  tpeclfic  level*  in  the  water  column  in  the 
NE  Gulf. 


2.  Field  Method* 

2 

Surface-to-bottom  array*  of  peanut  float*  having  surface  area*  of  600  cm  were  lnatalled 
on  a  line  at  point*  2,  11,  and  25  mile*  offahore  from  Panama  City,  Florida  (etatlona  F-2, 

F-l,  and  F-3  on  the  map  in  Figure  1).  The  respective  depth*  at  theae  atatlona  were  18,  30, 
and  46  m  (Fig.  2).  Became  the  float*  were  to  be  harvested  at  different  time- intervale, 
they  were  grouped  in  eete  of  four  (A,  B,  C,  D  on  Fig.  2)  at  each  depth.  Thus,  at  the  2-mlle 
array  three  tetrad*  of  float*  were  exposed  at  depths  of  4,  10,  and  17  m  by  attachment  to  PVC 
rack*  suspended  from  an  anchored  glass  float.  Aa  the  depth  Increased  seaward,  a  fourth  tet¬ 
rad  waa  added  at  the  29  m  depth  of  the  11-mlle  array  and  a  fifth  tetrad  at  the  44  m  level  wa* 
added  to  the  25-mile  array.  Consequently,  all  stations  had  tetrads  near  the  aurface  and 
near  the  bottom  as  well  a*  at  th*  same  intermediate  depth*.  Exposed  float*  were  harvested  by 
divers  on  regular  schedule*.  They  removed  the  A-floats  and  exposed  new  ones  either  on  a  bi¬ 
weekly  or  monthly  schedule.  They  serviced  the  B,  C,  and  D  positions  on  respective  schedules 
of  3,  6,  and  12  months.  In  addition,  the  divers  photographed  all  floats  on  each  harvest 
schedule  and  cleaned  or  replaced  the  racks  and  line*  as  needed  to  minimise  rack-to-float 
colonization. 


3.  Laboratory  Methods 

Measured  samples  ware  taken  from  all  of  tha  680  floats  exposed  during  the  study.  Sam¬ 
ple*  were  examined  microscopically  and  apeciea  ware  separated,  identified,  enumerated,  mea¬ 
sured,  oven  dried,  and  ashed.  In  all,  200  apeciea  were  detectad.  After  incineration,  tha 
weight  of  dry  organic  material  (blosiaaa)  waa  calculated  from  weight  loee.  Total  float  bio¬ 
mass  waa  computed  from  sample  data  for  countable  apeciea  and  from  areas  of  float  coverage 
for  colonial  species. 


4.  Selected  Variations  in  Fouling  Accumulations 

Characteristics  of  float  placement  and  harvesting  achadulas  permitted  us  to  compare 
qualitatively  and  quantitatively  variation*  in  accumulations  of  fouler*  with  difference*  in 
distance  from  shore,  depth  of  exposure,  duration  of  exposure,  and  change  of  hydrologic 
season.  Tim*  and  apace  limitation*  permit  u*  to  consider  only  two  of  the**  here. 

Dl*tance  from  *hore:  Substantial  reduction*  of  biomass  and  major  changes  in  species 
composition  occurred  with  increase  in  distance  from  shore  (Fig.  3) .  At  the  4-meter  depth 
tha  sharper  break  in  biomass  occurred  between  the  two-  and  11-mlle  station,  whereas  the 
larger  change  in  species  composition  came  between  the  11-  and  25-mlle  stations.  These 
breaks,  however,  were  depth  dependent,  a*  will  be  noted  later. 

Depth  of  exposure:  Figure  4  depicts  th*  differences  in  accumulations  due  to  depth  at 
the  11-mlle  station.  The  predominant  spacias  in  terms  of  biomass  contribution  are  barnacles 
at  the  10-  and  17-meter  depths  and  the  gymmoblastaan  hydrold  Boutalnvlllla  carollnensls  at 
the  bottom  (29  m) .  The  barnacles  at  the  latter  depth,  although  more  numeroua  than  at  th* 
two  shallower  points,  contribute  less  to  total  float  biomass  because  of  their  small  mean 
size  of  1.5  mm.  These  and  the  many  other  observed  differences  with  depth  can  be  accounted 
for  by  lower  temperatures  at  the  deeper  levels  during  part  of  the  year.  But  this  factor  can¬ 
not  fully  explain  all  depth  variations  throughout  the  entire  year,  because  the  water  column 
is  nearly  Isothermal  at  the  three  stations  from  November  to  May.  Again  w*  point  to  th* 
occurrence  of  different  water  masses  sweeping  past  the  floats  at  dlffarent  depth  levels, 
which  have  different  origins  and  contain  the  meroplankters  of  different  species  of  splben- 
thlc  organisms  able  to  settle  on  the  float  surfaces. 

5.  Variations  in  Species  Diversity 

The  numbers  of  different  species  found  at  all  depths  on  flosts  of  the  11-mlle  station 
after  three  months  always  exceeded  those  at  the  2-mila  and  25-mlle  stations.  The  totals  at 
any  one  station,  however,  were  higher  in  summer  than  winter.  For  example,  at  the  11-mlle 
station,  the  respective  totals  were  70  and  50  species  on  average  for  3-month  floats  (Table  1) . 
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DISTANCE 

FROM  SHORE:  2  miles 
BIOMASS:  15.45  grams 

BARNACLES :  3 , 400  Balanua  venus tug .  4.9  mm  ave . 

HYDROIDS:  Gonothvraea  gracilis 


DISTANCE 
FROM  SHORE: 
BIOMASS : 
BARNACLES: 
HYDROIDS: 


11  miles 
5.75  grams 

400  Balanua  venustus.  3.7  mm  ave. 
Gonothvraea  gracilis 


DISTANCE 
FROM  SHORE: 
BIOMASS: 
BARNACLES: 


HYDROIDS: 

OTHER: 


25  miles 
3.82  grama 

49  Conchoderma  vlrgatum 
2  Lepas  anatlfera 

Obelia  f labellata 

50  nudi branch  mollusks  and  eggs 


FIGURE  3.  Variations  in  accumulations  of  organisms  due  to  distance  from  shore.  All  three 
floats  were  exposed  for  the  same  time  period  (one  month)  and  at  the  same  depth  level  (4 
meters)  but  at  different  distances  from  shore. 
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DEPTH: 

BIOMASS: 


meter* 

3.91  gram* 


1 
n 

9,  ' 

; 

1 

i 

M-D-Y 

6-  5-6! 

i  2  i 

i 


BARNACLES : 
HYDROIDS : 
AMPHIPODS : 


OTHER: 


2,400  Balanu*  Vanuatu*.  3.3  on  ave. 
Gonothyraea  gracllla 
Paw  Jaaaa  falcata 
Few  Cacrella  eoulllbra 

Few  nudlbrancha 
Few  polychaetea 
Few  email  anemone a 


DEPTH: 

BIOMASS: 

BARNACLES: 

HYDROIDS: 

AMPHIPODS: 


17  meter* 
4.60  grama 


2,900  Balanua  venustue,  3.3  mm  ave. 

4  Belanua  merrllll.  2.0  mm  ave. 
Gonothyraea  aracllla 
Few  Ceorella  equlllbra 


OTHER:  Few  polychaetea 


DEPTH: 

BIOMASS: 

BARNACLES: 

HYDROIDS : 

AMPHIPODS : 


29  meter* 

2.07  grama 

4,400  Balanua  Vanuatu*.  1.5  mm  ave. 

7  Balanua  merrllll.  1.3  mm  ave. 
Obeli*  f label lata 
Bougelnvlllla  carollnenal* 

500  gammarlda  (5  apeclea) 


OTHER:  4  Ectoproct  colonlea  (Bugula) 

Few  aerpulld* 

Few  email  gaatropoda  &  pelecypoda 


FIGURE  4.  Variations  In  accumulation*  of  organism*  due  to  depth  at  the  11-mlle  t 
atatlon.  All  three  floata  were  expoeed  for  the  same  time  period  (one  month:  May 
but  were  located  at  different  depth*. 
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Although  th«  number  of  epeclee  lncreeeed  with  length  of  expoaure,  the  simple  numerical 
Increase  between  2  weeks  and  3  months  did  not  reflect  the  major  change  In  species  composi¬ 
tion  of  tha  fauna  that  occurred  during  that  Interval.  Only  eight  species  of  animals  were 
found  on  2-week  floats  at  all  depths  at  the  11-mlle  station,  and  3  of  these  were  among  such 
pioneering  animal  groups  as  suctorlans,  barnacles,  hydroids,  and  fllibrench  pelecypods.  Tha 
number  of  speclee  increased  markedly  by  2  months  as  the  result  of  settlement  of  aerpullds, 
anemones,  arrant  polychaates,  additional  pelecypods,  gastropods,  and  brachyuran  cruataceans. 
The  interval  between  2  and  3  months  was  marked  not  so  much  by  species  Increase  as  by  popula¬ 
tion  fluctuations.  For  Instance,  at  the  11-mlla  station  in  summer  and  at  29-m  depth,  some 
29  species  were  found  on  2-month  floats  and  34  on  3-month  floats.  Only  13  species  were 
common  to  both.  Hence,  in  the  Interval  of  a  month  or  so  14  species  dropped  out  while  24 
new  ones  settled.  Actually,  in  some  cases,  a  net  loss  of  speclee  occurred.  The  most  impor¬ 
tant  speciaa  that  dropped  out  varied  but  ordinarily  were  (1)  caprellids  that  had  exhausted 
much  of  their  food  supply  or  had  been  subjected  to  heavy  predation  by  anemones,  crabs,  and 
fishes;  (2)  barnacles  that  were  removed  by  fishes,  killed  by  such  drills  as  Thais  florldana. 
or  smothered  out  by  encrusting  ectoprocts  or  anemones;  and  (3)  gammarlas  that  built  up  popu¬ 
lations  attractive  to  fishes  and  some  crabs  and  then  regressed  under  apperently  intense 
predation. 

The  reduction  of  species  on  the  winter  versus  summer  sets  appeers  to  be  attributable  to 
limited  spawning  periods  plus  seasonal  changes  in  water  circulation.  For  example,  several 
species  of  polychaete  annelids  in  such  families  as  Syllidae,  Eunlcldae,  and  Nareldae  were 
found  on  11-mlle  floats  in  sumner  but  not  in  winter.  Some  of  these  were  found  on  2-mile 
floats  in  both  winter  and  summer.  On  the  other  hand,  several  species  of  serpulld  polychaetes 
ware  found  on  both  aummer  and  winter  floats  at  tha  11-  and  25-mlle  stations  but  not  at  the 
2-mlle  station  in  winter.  This  suggests  that  tha  aerpullds  may  have  originated  in  the 
southern  Gulf  and  were  carried  only  at  far  shoreward  as  the  11-mlle  station  in  winter,  and 
that  the  errant  polychaetes  were  introduced  to  the  floats  from  shoreward  areas  in  summer 
but  not  in  winter. 

Data  derived  from  1-year  floats  at  the  25-mlle  station  indicate  thst  about  30-35  is 
the  maximum  number  of  macroscopic  species  that  will  settle  on  the  600  cm2  surface  of  these 
floats  for  long  periods  of  time.  So  far  as  number  alone  are  concerned,  there  is  a  steady 
increase  with  time  of  those  species  that  derive  their  food  from  float  inhabitants  and  de- 
trltal  materials.  But  the  majority  of  such  species  contribute  only  minor  amounts  to  the 
total  of  organic  matter  found  on  the  floats. 

6.  Larval  Transport  and  Water  Circulation 

Results  of  the  Panama  City  study  made  clear  to  us  the  Importance  of  tha  relationship 
between  the  history  of  water  masses  or  currents  and  important  differences  in  the  fouling 
assemblages  that  we  were  analysing.  Techniques  for  identifying  particular  water  masses  by 
analysis  of  holoplankter  composition  are  well  known.  We  believe  that  the  meroplankters  of 
eplfaunal  epeclee  can  be  even  more  useful  in  studying  current  patterns  than  holoplankters 
because  once  they  settle  on  a  surface  they  remain  as  a  record  of  the  passage  at  some  time 
or  another  of  a  given  parcel  of  water  with  its  particular  complement  of  larval  organisms. 
Moreover,  by  looking  back  from  the  data  of  appearance  of  a  species  on  the  float  by  reference 
to  known  ratee  of  growth,  one  can  caluclate  approximate  timet  of  larval  settlement.  In  the 
following  paragraphs  consideration  will  be  given  to  those  biological  differences,  between 
the  2-mile,  11-mlle,  and  25-mlle  stations  as  well  as  those  between  surface  and  bottom 
floats  at  the  aame  statione,  that  were  directly  attributed  to  water  circulation.  In  so 
doing,  some  mention  mutt  be  made  of  the  particular  species  of  animals  Involved. 

Barnacles 

There  were  aubatantlal  biological  differences  bstween  the  arraya.of  floats  at  the  2, 

11,  and  25-mlle  stations,  as  well  ae  differences  on  the  vertical  axis  between  shallow  and 
deep  floats  (Tables  2  and  3).  Only  two  barnacle  species  are  shared  by  all  three  stations, 
vis.,  Balanut  venustus  and  B.  lsiorovlsus.  The  11-mlle  station  sppears  to  be  more  closely 
related  biologically  to  the  25-mlle  station  than  to  the  2-mlle  station,  since  it  supports 
B.  merrllll  and  B.  calldua  that  are  clearly  offshore  species  here.  We  note  also  that  these 
latter  two  epecles  occur  primarily  on  tha  bottom  floata  (Table  3) . 
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Table  1.  Variations  In  the  number  of  apaclts  found  on  floats  with  tloa,  dspth,  and  saason 
at  tha  11-nlla  station.  TS  ■  total  of  all  dlffarant  species  found  on  all  floata,  TDS  showa 
tha  total  of  dlffarant  spaclas  found  at  aach  depth.  SKD  ■  number  of  apscles  restricted  to 
that  dapth. 


Lon  of  K» 


4 

10 

17 

29 

4 

10 

17 

5 

5 

4 

11 

5 

5 

4 

_ 

5 

8 

13 

10 

14 

5 

8 

6 

12 

12 

17 

21 

29 

9 

12 

8 

30 

15 _ 

19 

16 

34 

10 

17 

16 

34 

19 

27 

24 

53 

16 

27 

14 

31 

Tabla  2.  Occurrence  of  barnacle  spec 1st  at  tha  thraa  fouling  stations. 


2-llas 


11  alias 


25  allies 


Balanus  aburnaus 
Balanus  vaoustus 
Balanua  laerovleue 
tBliaii  fryini 
calldus 

Balanus  soonalcola 
Conchodetrna  vlrtatum 

Laoas  snatlfera 

Lanas  nactlnata 


May-Jul 

all  nos. 

May-Dec 

May-Aug 

Jan -Aug 

Mar-Aug 

Apr-Aug 

Jun-Dac 

Apr 


all  daptha 
all  dapths 
above  17  ■ 
balow  10  ■ 


above  10  n 
4  d  only 
10  n  only 


Tabla  3.  Dapth  distribution  of  barnacle  spaclas  at  11-mils  and  25-mlla  stations.  Numbers 
In  colunms  arc  percentages  of  tha  spaclas'  total  sample  population. 

_ Float  Depth  and  Station  Position _ 


anatlfara  0  100 

odansa  vlraatum  100  97 
If  lmprovlsus  9  90 
P.fc£lnata  0  0 
jg  vanustus  8  1 
If  calldus  0  0 
is  marrilll  0  0 


0  100 
9  5 


58  33 

0  5 


100  95 

95  85 


mwmm 


umjmmw 
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Data  In  Che  foregoing  cables  appear  Co  Indicate  chac  offshore  bottom  wacer  penecracea 
shoreward  ac  lease  Co  Che  11-mile  (F-l)  station,  but  not  so  far  as  the  2-mlle  station. 

Since  B.  merrllll  appears  ac  11  miles  in  greatest  numbers  from  late  May  through  August,  this 
shoreward  movement  of  bottom  water  may  take  place  then.  Figure  5  shows  that  at  the  11-mlle 
station  substantial  drops  In  bottom-water  temperature  occur  periodically  during  this  period 
and  that  the  drops  are  accompanied  by  rises  of  surface  temperature.  We  note  here  also  that 
bottom  salinities  increase  and  surface  salinities  decrease.  The  same  changes  occur  at  the 
25-mile  station  but  not  at  the  2-mlle  station. 

These  observations  seem  to  indicate  that  there  is  a  shoreward  flow  of  bottom  water  In 
summer  that  does  not  reach  to  2  miles  offshore,  and  that  there  Is  a  concurrent  offshore  flow 
of  surface  water  of  low  salinity.  The  latter  could  account  for  the  observation  that  the 
stalked  barnacles,  Lepas  anatlfera  and  Conchoderma  vlrgatum.  which  are  surface  forms,  do  not 
ordinarily  penetrate  she  ward  of  the  25-mlle  station. 

To  our  knowledge,  neither  Balanus  calldus  nor  B.  merrllll  exist  along  the  shore  near 
Panama  City.  Balanus  calldus  Is  known  to  exist  In  offshore  waters  SW  of  Cape  San  Bias,  Flo¬ 
rida,  some  65  nautical  miles  SE  of  the  25-mlle  station.  This  suggests  that  B.  calldus  cyp- 
rids  may  be  carried  to  the  25-mile  station  via  northwestward  moving  bottom  water.  This  may 
apply  also  to  B.  merrllll.  The  fact  that  both  species  exist  along  the  Yucatan  Channel  sug¬ 
gests  a  relationship  with  the  East  Gulf  Loop  Current.  Since  the  greatest  Influx  of  these 
barnacles  occurs  when  the  Loop  Current  is  running  strongest  and  penetrating  farthest  north, 

It  may  bring  cyprlda  northward  rapidly  enough  that  they  could  be  spun  off  Into  eddies  that 
sweep  past  the  25-mile  station  but  not  usually  shoreward  of  the  11-mlle  station.  In  order  to 
be  compatible  with  known  data  on  length  of  larval  life,  such  a  current  would  have  to  average 
little  more  than  one  knot  in  order  to  carry  viable  larvae  from  well  southward  of  the  Yucatan 
Channel.  Leipper  (1967)  haa  reported  velocities  of  2-3  knots  for  the  Loop  Current  In  May 
and  June. 

Other  lines  of  evidence  reinforce  the  above  indications.  The  2-mlle  and  11-mlle  sta¬ 
tions  are  more  closely  related  biologically  at  4  and  10  meters,  whereas  the  11-mlle  and  25- 
mlle  stations  are  more  closely  related  at  17  m  and  deeper  levels.  The  fact  that  these  total 
shallow  and  deep  relationships  are  much  more  pronounced  in  summer  than  In  winter  suggests 
that  there  truly  is  a  net  transport  of  low  salinity  surface  water  away  from  shore  at  this 
time  with  a  concurrent  shoreward  movement  of  bottom  water. 

The  movement  of  this  bottom  water,  which  we  believe  Is  less  than  1 '  r  thick  25  miles 
offshore  and  perhaps  no  more  than  half  that  thickness  at  11  miles,  carries  a  rather  unique 
complement  of  meroplankters.  No  less  than  24  Invertebrate  species  were  found  to  be  charac¬ 
teristic  of  the  bottom  water  floats  at  the  25-mlle  and/or  11-mlle  stations.  Seventeen  of 
these  species  are  shown  to  have  southern  or  tropical  distributions.  One  of  them  Is  the 
hydrold  Bougalnvlllla  carollnensls  that  occurred  primarily  on  the  bottom  floats  (44  m)  at 
F-3  and  at  29  m  at  F-l.  It  came  In  with  the  bottom  water  and  settled  only  when  a  hard  sur¬ 
face  was  presented.  As  might  be  suspected  from  the  above,  this  apecles  was  only  rarely 
found  at  the  2-mlle  station. 


7.  Variations  In  Standing  Crop  Biomass 

The  amount  of  biomass  found  on  the  floats  varied  with  duration  of  exposure,  distance 
from  shore,  depth,  season,  and  species  composition  (Figures  364). 

The  greatest  secondary  production  occurred  at  the  11-mlle  station,  follwad  by  the 
2-mlle  station  and  the  25-mile  station.  At  the  11-mlle  and  25-mlle  stations,  production  was 
generally  greater  In  spring  and  summer  than  in  winter,  but  was  sometimes  the  reverse  at  the 
2-mlle  station  because  of  the  greater  growth  of  barnacles  and  gammarids  there. 

The  Important  determiners  of  the  smount  of  biomass  occurring  at  a  particular  time  were 
ecological  relationships  among  dominant  species  In  the  assemblage.  Possible  relationships 
between  the  barnacle  Balanus  venustus.  the  anemone  Alotasla  eruotaurantla.  the  caprellld 
Caorella  eoulllbra.  and  various  hydrolds  can  be  shown  in  part  by  reference  to  Table  4.  In 
summer,  barnacles  Increase  rapidly  through  the  6th  week,  followed  by  a  precipitant  decline. 
Alotasla.  on  the  other  hand,  does  not  appear  until  the  8-week  harvest,  where  its  numbers 
have  Increased  explosively  from  pedal  laceration.  It  appears  that  the  anemone  has  some  as 
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yet  unexplained  deleterloui  effect  on  the  barnacle*,  for  barnacle  decline  1*  not  severe  at 
29  is  and  at  all  depth*  In  winter  at  the  ll-mile  station  In  the  absence  of  Alptasla.  The 
anemone  feeds  upon  caprellids  and  gammarlds  and  both  of  the  latter  nay  feed  upon  hydrolds. 

The  float  assemblages  constitute  a  fairly  complex  but  obviously  lncomplote  ecosystem. 
Primary  producers  on  the  floats  cannot  supply  sufficient  organic  matter  to  allow  for  the 
development  and  sustaining  of  the  large  standing  crops  just  observed.  Plankton  must  meet 
the  deficit.  Some  general  conception  of  secondary  productivity  can  be  made  on  the  floats. 

For  instance,  Caprella  eoul libra  feeds  on  the  hydrolds  Clvtla  iohnstonl  and  Clvtla  fraallls 
when  available.  Data  derived  for  these  hydrolds  where  neither  Caprella  nor  nudlbranchs  were 
present  show  they  can  produce  3.84  g  of  dry  organics  in  8  weeks.  Where  both  Caprella  and 
Clvtla  were  found  together  on  an  8-week  float  under  the  same  conditions,  the  caprellld 
population  contained  0.42  g  of  dry  organic  and  the  hydrold  0.41  g.  At  0.25  metabolic  effi¬ 
ciency  the  caprellids  would  have  required  1,68  g  or  about  432  of  the  above  3.84  g  production 
of  dry  organics.  But  this  does  not  allow  for  reduction  of  the  caprellld  population  through 
predation  by  Alptasla.  During  the  tame  period  the  anemone  accumulated  0.68  g  of  dry  organics. 
Assuming  that  about  a  quarter  of  this  was  supplied  by  caprellids,  then  Caprella  would  have 
produced  0.68  grams  of  organic  material.  If  most  or  all  of  the  total  caprellld  organics 
came  from  Clvtla  t^en  the  latter  would  have  had  to  produce  about  4.4  g  of  dry  organics  In  8 
weeks.  This  seems  a  reas-'  iably  close  approximation  of  the  observed  rate  of  3.84  g  for  hy¬ 
drold  production,  especially  since  we  don't  know  the  metabolic  efficiency  of  the  principal 
species. 


8.  Antifouling  Effects 

The  only  chemical  antlfouiant  employed  In  this  study,  an  organotln,  was  carried  by  a 
thin,  teflon  band  that  girdled  certain  "protected1'  floats.  In  practical  application,  how¬ 
ever,  other  factors,  such  as  grazing  and  predation  by  animals,  may  curtail,  control,  or 
completely  obliterate  fouling  developments.  Moreover,  one  may  extend  the  concept  of  anti- 
fouling  effects  to  Include  season  of  exposure,  depth,  and  position  of  Installation  relative 
to  observed  current  patterns. 

Orsanotln;  In  adequate  concentrations  this  material  prevented  completely  the  settle¬ 
ment  or  transgressions  of  both  larval  and  adult  animals  (Fig.  6)  .  Even  after  leaching  In 
the  sea  for  up  to  nine  months,  no  gr-jwth  occurred  on  the  band  (except  for  some  flat  algae), 
although  the  "zone  of  inhibition"  usually  narrowed  as  hydrolds  and  barnacles  encroached  upon 
It.  This  particular  compound  proved  to  be  most  effective  against  polychaete  annelids, 
followed  by  ectoprocts,  anthozoan  coelenterates ,  barnacles,  hydrold  coelenterates  to  the 
least  sensitive  gammarldean  crustaceans. 

Biological  Inhibitor:  Evidence  gained  during  this  study  points  to  the  likelihood  that 
the  anemone  Alptasla  eruptaurantia  produces  and  emits  a  substance  that  both  prevents 
settlement  and  kills  attached  acorn  barnacles  (Balanus  venustus) .  This  possibility  should 
be  Investigated  biochemically,  since  similar  action  probably  applies  to  other  barnacle 
specie* . 
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Table  4.  Differences  In  rates  of  accuaulatlon  of  bloauwa  with  time  and  depth  an  one  the 
organisms  occurring  on  16  floats  exposed  at  the  11 -sills  station  In  eprlng-eumMr  (top  half 
of  table)  and  another  16  floats  exposed  In  winter  (bottom  half) .  The  former  were  all  ex¬ 
posed  on  16  May,  whereas  the  winter  floata  were  all  exposed  on  14  November.  But  in  each 
case,  floats  wars  removed  in  fours  after  2,  4,  8,  and  14  weeks  at  each  depth.  T7B  •  total 
float  blesuas.  DO  ■  dry  organic  sutter. 
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FIGURE  6.  Photograph*  comparing  protected  and  unprotected  float*  expoaed  for  3  month* 
from  Auguat  22  to  November  IS,  1964  at  the  2-mile  ataUon. 
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Discussion 


A  questioner  asked  for  the  site  of  the  floats.  Each  had  a  surface  area  of  roughly  600 
ca2,  being  about  6  inches  high  snd  U  inches  in  diaaeter.  There  vas  no  control  test  for  antifoulants 
and  no  control  tests  for  nature  of  the  substratum  and  its  effect. 

It  vas  asked  vhether  the  substratua  had  the  saae  character  and  supported  the  saae  ccaaun- 
ities  at  the  three  stations.  The  bottoa  vas  sandy,  not  the  ailt-aud  bottoa  found  to  the  vest  of  the 
Kississippi  delta. 

0.  Relini  asked  vhether  differences  in  the  doainant  currents  to  which  the  panels  vere 
exposed  vere  reflected  in  the  nature  of  the  aettleaent  on  the  panels.  W.E.  Fequegnat  replied  that 
this  vas  so  at  the  two  inshore  stations,  where  there  is  a  coaplete  reversal  of  the  current  pattern 
between  suaner  and  winter,  and  there  were  very  definite  differences  in  the  accumulation  of  organism 
established  there.  This,  in  fact,  vas  one  reason  why  Itaxia  disappeared  at  the  11  aile  station 
during  vinter:  the  current  changed  completely  with  reference  to  the  source  of  the  organism.  This 
raised  another  curious  problem,  naaely,  how  soae  of  the  peracaridan  crustaceans  such  as  the  gaaaar- 
idians  with  no  pelagic  larvae  vere  able  to  reach  the  25  aile  station;  the  aaphipoda,  particularly 
the  cap  re  11  ids ,  seen  unlikely  to  have  crawled  along  the  bottoa. 

Another  speaker  pointed  out  the  relevance  of  colonisation  studies  at  isolated  sites  to 
the  study  of  island  biogeography.  Particular  interest  attaches  to  the  colonisation  curves,  vhich 
are  plots  of  the  numbers  of  species  against  a  tiae  axis.  Thus,  at  the  shallowest  float  arrays  (k 
and  10  aeters) ,  the  colonisation  curves  in  susawr  rose  aore  steeply  than  did  the  curves  in  vinter. 

At  the  deeper  stations  (IT  snd  29  aeters),  where  the  annual  teqperature  change  is  presumably  less, 
the  difference  between  the  shape  of  the  colonisation  curves  vas  not  so  great. 


Crustecdyaone  Action  and  the  Effects  of  Light  During  the 
Poet-Breeding  Condition  of  the  Cirripede  Balanus  balanoidos  (10 

D.  J.  Tighe-Ford  and  D.  C.  Vaile 

Exposure  Trials  Station,  Central  Dockyard  Laboratory,  11M  Naval  Bace,  Portsmouth 

The  action  of  the  arthropod  moulting  hormone  crustecdysone  has  boon 
studied  during  the  annual  post-breeding  period  of  adult  Balanun  balanoldes 
under  day/ni^t  eonditiono  and  constant  illumination.  Breeding  in  this  species 
is  followed  by  a  cessation  of  moulting,  termed  reproductive  anecdysin,  after 
which  the  tissues  of  the  penis  are  shed  with  the  exuviae.  Doses  of  0.02  and 
0.2  ug  hormone  Induced  marked  moulting  activity  during  anecdysis,  although  the 
responses  differed,  and  also  accelerated  moulting  during  the  poct-anocdynis 
period.  Furthermore,  the  injection  of  hormone  during  anecdysis  apparently 
interfered  with  the  subsequent  shedding  of  penis  tissue.  The  responses  during 
both  physiological  states  wore  further  influenced  by  light  and  it  appears  that 
natural  production  of  a  moulting  hormone  may  have  boen  stimulated.  An  early 
resumption  of  moulting  was  also  induced  by  wounding.  The  possible  nature  of 
the  biological  mechanisms  involved  in  these  responses  is  discussed. 

Key  Words!  Barnacles,  crustecdysone,  moulting,  reproductive  nnocdvsis 


1.  Introduction 

As  part  of  an  anti-fouling  programme  studies  are  being  made  of  biological  systems 
in  barnacles.  Moulting  is  the  mechanism  which  allows  development  and  growth  and  it  hne 
been  shown  thrt  injection.-,  of  the  urtliropori  hormono  crustecdyonne  will  synchronize  and 
accelerate  moulting  in  adult  Balanus  bnlnnoides  (L.)(l)l.  There  can  be  little  doubt 
therefore  that  barnacles  possess  a  hormonal  control  of  moulting,  as  do  othor  arthropods. 
The  experiments  described  below  are  part  of  studies  into  the  nature  of  this  control. 

Moulting  is  a  frequent  and  recurring  activity  in. adult  barnacles  and  it  has  been 
shown  in  B« balnnoidea  that  there  is  a  seasonal  variation  in  the  moulting  rhythm  (2).  It 
was  observed  that  the  annual  breeding  in  late  autumn  is  followed  by  an  abrupt  cessation 
of  moulting  for  a  period  of  approximately  6-8  weeks;  this  was  termed  anecdyr.io  and  attri¬ 
buted  to  a  basic  annual  rhythm.  However  it  was  later  suggested  (?)  that  the  cessation  of 
moulting  arose  in  part  from  a  de;  lotion  of  food  reserves  followin;  breeding  and  that  its 
apparent  duration  was  related  to  low  availability  of  food  in  winter!  the  term  reproductive 
anecdysis  was  suggested.  It  woe  further  observed  (2)  that  in  the  first  moult  after  this 
ptriod  of  non-moulting  the  bamaclea  cast  their  penis  tissues.  Subsequent  casta  showad 
a  atump  which  increased  in  size  as  the  penis  dtveloped  during  the  summer.  It  was  also 
found  that  aven  adults  which  had  bean  isolated  to  prevent  copulation  later  underwent  a 
pariod  of  non-moulting,  provided  that  they  had  been  sampled  from  a  natural  population 
shortly  before  breeding.  However,  adulta  in  which  breeding  had  been  inhibited  by  labora¬ 
tory  conditions  continued  to  feed  and  moult  normally,  until  fertilization  occurred  natur¬ 
ally  or  was  induced  by  a  change  in  the  conditione  (2,  4)  i  anecdysis  then  occurred, 
followed  by  ohedding  of  penis  tissue.  These  observations  appear  to  support  the  presence 
of  an  endogenous  mechanism  in  B.balanoides  which  is  associated  with  the  breeding  condition. 

Breeding  in  this  species  is  induced  by  critical  periods  of  short  photophase  and  low 
temperatures,  whereas  it  is  inhibited  by  constant  illumination  and/or  raised  temperature 
(4,  5,  8).  It  has  been  shown  that  light  will  influence  crustacean  moulting  activities 
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Figures  in  parenthesis  indicste  the  literature  references  at  the  end  of  this  paper. 
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(eg  7-10),  although  th<  nature  of  the  response  varies  between  species.  Moulting  during 
winter  nnecdy-,ir.  in  the  crayfish  Orconoctec  virilis  can  be  induced  by  periods  of  long 
photophase  and  it  was  suggested  that  natural  activity  was  controlled  by  the  notion  of  light 
through  moultin"  and  raoult-inhibitinr  systems  (9).  It  arpeared  therefore  that  the  post¬ 
breeding  period  of  Balnnus  halo  Ides  might  be  an  interesting  area  for  studying  the  effects 
of  cru.-stecdyr.ore  and  light  upon  moulting  activities.  Although  light  was  reported  to  have 
no  effect  ui  on  moulting  in  this  s-ecies  (2),  the  date  of  the  experiment  was  not  given  and 
it  has  been  reported  that  the  action  of  light  upon  crayfish  depended  upon  season  (9). 

2.  Materials  and  Methods 

Studies  were  made  during  the  winters  ofl9?C/71  and  1971/72  using  adult  B.balanoldes 
which  had  settled  on  panels  during  the  previous  spring,  Exnerinenta  were  oorried  out  after 
breeding  had  occurred,  ie  after  egg-masses  hod  been  laid  down,  Panels  were  cut  so  that 
■nail  groups  of  adults  of  approximately  equal  size  were  obtained:  the  brrnnclee  were 
deemed  and  placed  in  groups  of  1(V25  in  perspex  trays  which  we  re  divided  into  parallel 
compartments.  These  stood  over  a  sink  from  which  seawater  was  punned  through  cm  ultra¬ 
violet  sterilizer  into  a  weir  across  the  head  of  each  tray  and  returned  to  the  sink  after 
flowing  through  the  compartments.  The  barnacles  were  thus  continuously  submerged  in  flow¬ 
ing  seawater.  Exuviae  were  retained  by  a  nylon  mesh  screen  across  the  end  of  each  compart¬ 
ment.  The  systems  were  continuously  replenished  with  filtered  seawater,  with  an  overflow 
to  waste  and  the  temperatures  were  controlled  thermostatically.  Throughout  the  studies  no 
additional  food  was  added  to  the  systems. 

With  the  exception  of  experiment  IV  the  barnacles  were  divided  into  four  groups. 

Two  were  injected  with  total  doses  per  animal  of  0.02  and  0,2  tig  crusteodysone  in  sterile 
seawater,  aa  four  consecutive  daily  volumes  of  2  ul:  two  further  groups  were  used  as  con¬ 
trols,  one  untreated  and  the  other  injected  daily  with  2  ul  seawater  for  four  days. 
Injections  were  carried  out  as  previously  described  (1).  Crystalline  crusteodysone  JLl(ll) 
was  used,  prepared  from  the  plant  Podocarpua  elntus  (12). 

The  barnaelee  were  maintained  either  under  laboratory  day/night  conditions 
(approximately  nine  hours  photophase,  230  -  800  lux)  or  under  constant  illumination  and 
the  number  of  exuviae  from  each  group  was  recorded  daily  after  the  first  injections.  The 
adulta  and  the  eea-water  systems  were  scrubbed  once  or  twice  weekly  to  remove  sediment  and 
any  algal  growth.  Further  experimental  details  are  given  later  aa  appropriate.  For  brev¬ 
ity  in  the  text,  the  non-moulting  period  which  follows  breeding  is  referred  to  ae  aneodyais 
and  the  period  in  which  natural  moulting  recommences  is  termed  post-aneedysia. 

The  results  given  in  all  Tables  are  based  upon  the  dally  moulting  responses  of  each 
group  expressed  aa  the  number  of  exuviae/100  animals;  these  were  then  summed  to  give  the 
total  moulting  activity  over  a  particular  period.  Dead  animals  were  removed  after  each 
daily  count  of  exuviae. 


Experiment  I  (aneedysis  period) 

A  preliminary  investigation  was  made  in  1970  of  the  action  of  crustecdysone  during 
aneedysis,  under  conditions  of  seasonal  temperature  and  laboratory  day/night  illumination. 
Adulta  with  a  mean  carlno-rostral  diameter  of  13*3  ±  0.8  ra  .ere  brought  into  the  labora¬ 
tory  in  late  November,  shortly  after  breeding;  90-95'  of  those  sampled  possessed  egg- 
masses.  Panels  were  cut  so  that  approximately  22 5  adults  were  obtained  in  small  groupB, 
which  were  kept  in  flowing  seawater  trays  for  one  week.  During  the  first  five  days  a  few 
adults  were  copulating  and  23  exuviae  were  shed:  aeven  were  still  utt.  ched  and  those  adults 
were  removed.  No  exuviae  were  found  on  the  sixth  and  seventh  d-  vs  and  when  20  adults  were 
sacrificed  all  contained  egg-mo  ;sea.  It  then  appeared  reasonable  to  suproso  tiuit  all  of 
the  experimental  animals  had  bred  and  entered  aneedysis. 

Groups  of  20  adults  were  used  and  the  first  injections  were  made  on  November  30th; 
the  seawater  was  maintained  at  a  temperature  of  a  proximately  10°C. 
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The  nature  of  the  dally  moulting  activities  over  seven  weeks  is  shown  in  Fig  1.  No 
moulting  occurred  in  the  untreated  adults  during  the  first  24  days,  confirmin  that  for  the 
purrooe  of  the  experiment  the  population  was  in  the  aneedysis  state*  Both  hormone  doses 
induced  moulting  responses  markedly  in  advance  of  the  resumption  in  the  untreated  and  sea¬ 
water  injected  controls.  The  0*2  ug  dose  resulted  in  a  high  and  synchronized  response 
eight  days  after  first  injections,  with  18  exuviae  shed  within  a  period  of  four  days. 
However  the  corresponding  response  in  the  0.02  ug  hormone  group,  although  occurring  at  a 
similar  time,  was  much  less  and  accompanied  by  Mortality.  A  similar  but  higher  mortality 
occurred  with  this  dose  in  a  parallel  experiment  (unpublished),  under  non-seasonnl  condi¬ 
tions  of  constant  illumination  at  20°C,  in  which  eight  of  a  group  of  20  adults  injected 
with  0.02  ug  hormone  died  within  the  first  10  days:  there  was  only  one  death  recorded 
in  another  group  injected  with  0.2  yig  hormone. 

The  total  moulting  activities  over  seven  weeks  ore  summarized  in  Table  I.  It  can  be 
seen' that  the  overall  effect  of  0.2  ug  hormone  during  this  period  was  greater  than  that 
of  the  lower  dooe.  The  increased  and  earlier  moultin'*  activity  in  the  sea-water  injected 
animals  in  relation  to  the  untreated  controls  was^parently  a  wound  response,  as  discussed 
later.  The  increased  moulting  in  the  hormone  groups  was  maintained  throughout  the  12 
weeks'  duration  of  the  experiment:  the  activities  of  the  untreated  controls,  sea-water,  0.02 
A  0.2  ug  hormone  injected  groups  for  weeks  8-12  were  20,  65,  105  and  92,.  respectively.  As 
discussed  later,  it  appears  that  the  crurtecdysone  may  have  stimulated  a  natural  site  of 
production  of  moulting  hormone. 

As  shown  in  Fig  1  three  exuviae  shed  during  the  initial  response  to  0.2  ng  hormone 
contained  no  penis  tissue,  but  only  the  cuticle  of  the  penis:  one  such  exuviamwas  found 
in  the  0.02  ug  group  and  none  in  the  control  groups.  In  addition,  25  exuviae  containing 
penio  tissue  were  shed  by  the  20  adults  injected  with  the  higher  hormone  dose.  As  a  barn¬ 
acle  cannot  completely  cast  its  penis  tissue  on  more  than  one  occasion  after  a  period  of 
anecdysiG,  the  probable  exj  lanation  is  that  Rome  of  the  exuviae  shed  early  in  the  experi¬ 
ment  contuined  only  a  portion  of  the  penis  tissue  and  that  the  remainder  was  shed  in  a 
subsequent  noult(s).  Details  of  the  exuviae  shed  in  the  vrious  groups  are  given  in  Table 
2.  The  rosulto  suggest  that  the  partial  or  complete  retention  of  penis  tissue  in  some 
exuviae  arose  from  effects  Of  injected  eruoteedysone,  which  apparently  modified  the  nature 
of  the  moulting  activity  when  compared  with  the  two  control  groups.  The  phenomenon 
appeared  to  be  associated  with  a  dose  of  0.2  ^g  hormone. 

Experiment  II  (post-aneedysis  period) 

The  action  of  crurtecdysone  was  then  examined  during  the  pOGt-anecdysis  period, 
oovoral  weeks  alter  the  start  of  the  above  experiment.  Studies  wars  carried  out  under 
both  laboratory  day/night  conditions  and  constant  illumination  in  a  light-tight  box  (2000- 
2500  lux  at  the  water  surface).  When  adults  were  brought  into  the  laboratory  during  mid- 
December  1970,  it  was  found  that  they  were  moulting  during  the  acclimatization  period. 

The  exuviae  contained  jenis  tissue  and  it  appeared  therefore  that  the  population  was 
enter  in/;  the  poct-unecdysls  state.  All  the  adults  sampled  possessed  egg  masses  and  the 
mean  carino-rdrtrnl  diameter  of  the  experimental  population  was  12.5  ♦,  0.8  mm. 

Two  parallel  experiments  were  net  up,  each  containing  four  groups  of  20  adults. 

Both  r.yotems  .shared  a  recirculated  supply  of  seawater  from  a  common  oink,  with  a  continuous 
re/ leni  rhmont:  the  mean  temperatures  under  dny/nigl*  conditions  und  constant  illumination 
were  9*4  and  9.6°C,  respectively.  The  treated  barnocles  were  injected  on  three  conoecutlve 
days,  commencing  on  December  21nt.  The  dally  moulting  renponr.es  throughout  seven  weeks 
aro  shown  in  Fig  2|  in  Table  3  the  total  moulting  activity  han  been  divided  into  the 
initial  response  to  hormone  (during  approximately  tlic  first  two  wooko)  and  t!io  subsequent 
activity. 

The  population  war,  moultin/  when  injected  find  activity  war  increased  in  all  the 
treated  groups.  The  effect  of  the  crurtecdyronc  can  be  neen  in  Table  3t  although  the 
greater  activity  imposed  by  the  hormone  war  somewhat  marked  by  the  rurgo  of  moulting 
which  occurred  in  all  groups  during  the  early  por.t-nnecdyrin  period.  There  was  no  apparent 
difference  between  the  responses  to  the  two  dnrer.,  an  distinct  from  the  rorulta  of  the 
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previous  experiment.  Furthermore,  under  dny/night conditions  the  complete  or  partial 
retention  of  penis  tissue  which  hid  occurred  after  the  injection  of  crustecdysone  during 
anecdysis  was  not  observed. 

Moulting  rctivity  was  increased  in  all  groups  under  constant  illumination.  Although 
the  possibility  c  nnot  be  excluded  that  this  arose  from  increased  algal  growth  due  to 
light,  this  is  unlikely  ns  the  sane  seawater  was  circulated  through  both  systems.  Further 
evidence  for  an  influence  of  light  upon  moulting  activities  is  obtained  from  a  comparison 
of  the  nature  of  the  exuviae  nf-ed  under  the  two  conditions  of  illumination  over  seven 
weeks  (Table  4).  With  constant  illumination  it  was  observed  that  in  the  three  treated 
groups  the  number  of  exuviae  coni  ining  ,  enis  tissue  exceeded  the  number  of  animals!  this 
did  not  occur  in  any  group  under  dny/night  conditions.  It  can  be  seen  in  Fig  2  that 
although  20  penis  tissue  exuviae  were  shed  in  each  of  the  two  hormone  groups  durinr  the 
initial  response  under  constant  illumination,  some  subsequent  exuviae  also  contained 
penis  tissue.  The  phenomenon  hoes  not  n|  pear  to  bo  related  to  the  total  moulting  activity 
of  a  group.  As  in  experiment  I,  the  results  suggest  that  the  nature  of  the  first  moult 
after  anecdysis  was  somehow  modified  in  the  treated  grow  n,  although  in  this  case  only 
under  constant  illumination. 

The  higher  mortality  under  constant  illumination  (nine  deaths  compered  with  six 
under  day/night  conditions)  may  be  another  effect  of  light,  s  discussed  Inter. 

Experiment  III  (uneedysin  period) 

A  further  investigation  of  the  anecdysis  period  was  made  the  folloain  •  year,  using 
randomised  block  systems  to  allow  statistical  onnlynis.  B.  hal.  noldcs  were  brought  into 
the  laboratory  on  November  30th,  1971  after  ascertaining  that  the  Majority  of  the  popula¬ 
tion  had  bred!  90-99*  of  the  adults  removed  during  "thinning  out"  possessed  ogg  nssr.es. 

The  panels  were  cut  into  32  groups  of  10  barnacles,  with  n  mean  carino-rostr.il  diameter 
of  12.7  *  1.0  mm.  Two  parallel  experiments  were  sot  up  in  separate  systems,  one  under 
constant- illumination  of  approximately  2400  lux  at  the  water  surface  and  tho  other  under 
laboratory  dajr/night  conditional  the  mean  temperatures  were  8.5  and  8.6°C  res  octively. 

Each  system  comprised  four,  comparti.iented  truyo  which  were  supplied  with  seawater  from 
a  constant  head  unit:  care  was  taken  to  ensure  that  the  trays  in  both  experiments  wore 
supplied  at  the  same  flow  rates.  Each  experiment  contained  160  adults,  as  groups  of  40. 
These  were  further  divided  into  sub-groups  of  10,  which  were  placed  so  that  overy  tray  held 
in  random  order  s  sub-group  from  each  of  the  experimental  groups. 

Dvi'.Ag  the  acclimatization  period  23  exuviae  were  shed  in  one  week  by  the  320  adults 
in  the  trays.  All  showed  normal  penis  cuticle  and  were  presumably  shed  by  the  few  adults 
which  had  yet  to  lay  down  egg  masses.  Beginning  on  December  7th  tho  cea-wntor  and  hormone 
groups  were  injected  on  four  consecutive  days.  The  doily  moulting  activities  of  the 
experimental  groups  of  40  adults,  over  seven  weeko,  are  shown  in  Fig  3*  tho  total  activi¬ 
ties  of  the  individual  "ub- groups  throughout  thin  period  are  given  in  Table  5.  The  results 
were  subjected  to  an  analysis  of  variance  (Table  6)  and  difference-of-mcnns  tests,  eto.,  as 
appropriate. 

As  no  moults  occurred  until  the  ninth  day  after  the  first  Injections,  when  the 
barnacles  responded  to  treatment,  it  appeared  that  all  of  the  population  were  in  a  state 
of  anecdysis  by  the  start  of  the  experiment. 

Moulting  activities  differed  under  the  two  conditions  of  illumination,  although 
the  nature  of  the  responses  was  broadly  the  same  and  similar  to  that  observed  during  the 
anecdysis  of  the  previous  year  (experiment  I).  Under  dsy/night  conditions  tho  crustecdy- 
eone  induced  moulting  activity  approximately  10  days  before  this  occurred  in  untreated 
controls.  Although  as  before  there  was  also  an  induction  of  early,  moulting  in  the  sen-water 
Injected  aiduils  (number  of  moults  in  first  three  weeks  -  Chi  Square  test,  1<0.05) 
definite  activity  did  not  occur  until  one  week  after  the  hormone  groups.  There  was  s 
marked  synchrony  in  the  responses  to  crustecdysono,  which  was  more  evident  with  the  0.2  ug 
done.  The  initial  reaponBe  occurred  within  the  first  three  weeks:  during  tide  period  tne 
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■ean  time  to  first  moult  in  the  0,2  ug  group  was  10.9  +.  5.S.  0,2k  days,  which  is  signifi¬ 
cantly  lass  than  the  mean  tine  of  15.4  S.3.  0.38  day”  for  the  0.02  ng  >>o.  e  (/i.-.hcr  - 

Bahrends  test  (13) •  F(0.01).  Under  constant  illumin  tion  moulting  camnenccd  in  all  four 
groups  at  approximately  the  sane  time.  However,  a  marked  surge  of  activity  vac  induced 
by  the  hormone,  with  the  greater  synchrony  again  imposed  by  the  higher  dose.  The  mean 
time  to  first  moult  (11.0  S.E.  0.23  days)  in  this  group  was  significantly  less  t’i  n  that 
of  14.0  ♦.  S.£.  0.54  days  for  the  0.02  ug  group  (P<0.01).  These  fi  urea  are  ;  lnont  iden¬ 
tical  to”those  for  the  day/night  conditions  and  moulting  began  on  the  sme  da.,  r.  under  the 
two  conditions.  The  res’ option  of  moulting  in  the  untreated  controls  was  r—  rontly 
accelerated  under  the  cc  estant  illumination  and  occurred  at  npproxin:  tely  t  a  a  ■  ic  tine 
as  in  the  sea-water  injected  controls;  although,  over  a  period  of  seven  wee'*s  the  total 
moulting  activity  was  higher  in  the  latter. 

Moulting  activity  in  all  four  experimental  groups  was  increased  tinder  constant 
illumination,  as  can  be  seen  in  Table  3  and  from  a  comparison  of  the  number  of  second, 
or  penis  stump,  exuviae  under  both  conditions  (Fig  3).  Analysis  of  variance  or  the 
results  frem  both  conditions  of  illumination  (Table  6)  shows  the  overall  effect  of  light 
to  be  highly  significant  (fXb.Ol).  It  is  unlikely  that  this  arose  from  :n  increased  algal 
growth  as  the  systems  were  cleaned  frequently  and  the  results  are  similar  to  those  in 
experiment  II  in  which  the  barnacles  under  the  two  conditions  shared  n  common  aid  recir¬ 
culated  supply  of  seawater.  Table  6  also  shows  that  the  relationships  between  the  res:  o rises 
in  the  four  groups  of  barnacles  were  the  same  under  both  conditions  of  illumin:  tion 
(1)0.05) ,  thus  the  barnacles  apparently  responded  to  hormone  and  rounding  in  the  sane  way 
under  constant  illunination  as  under  day/night  conditions.  Ove.  o.  further  oriod  of  five 
weeks  the  total  moultim-  activities  under  constant  illumination  were  c.s  follows!  untreated 
and  sea-water  controls,  4*e  and  777«,  and  0.02  nnd  0.2  ng  hormone  mourns,  Tfr>  ~nd  82fc, 
whereas  the  comparable  activities  under  day/night  conditions  were  lCfo,  ,  64 &  and 

5<!6  respectively. 

As  la  experiment  I  the  higher  hormone  dose  group  under  both  conditio-:;;  of  illumina¬ 
tion  was  characterized  by  moulting  responses  which  were  nhnorrr  ...  in  relation  to  the  un¬ 
treated  and  sea-water  controls.  Approximately  (8)  and  (13)  of  the  exuviae  in  the 
initial  response  to  hormone  under  day/night  nnd  constant  illumination  conditions,  respect¬ 
ively,  did  not  contain  penis  tissue  but  only  the  cuticle.  Two  ouch  exuviae,  only, 
occurred  between  all  other  groups  (Fig  3).  The  effect  of  the  0.2  ug  hormone  dose  upon 
the  nature  of  the  first  moult  is  significant  when  compared  with  tile  controls  (Chi  Square 
test,  P(0.01).  Although  the  difference  in  the  number  of  such  exuviae  under  t'-c  two  light 
conditions  is  not  significant  (Chi  Square  test,  1>0.05),  it  was  further  observed  that  in 
the  0.2  ug  hormone  group  under  constant  illumination  three  exuviae  were  siicd  during  the 
second  naif  of  the  experiment  which  possessed  very  short  penes:  these  contained  tissue. 

It  appeared  from  analysis  of  the  daily  moulting  activities  of  the  sub-grou  s  that  these 
exuviae  followed  earlier,  presumably  incomplete,  penis  tissue  moults:  in  two  of  the  three 
sub-groups  involved  the  total  number  of  tissue-containing  moults  was  one  more  than  the 
number  of  barnacles.  These  results  appear  to  be  in  agreement  with  the  effects  of  hormone 
and  light  during  experiments  I  and  II. 

Mortality  was  increased  under  constant  illumination.  During  the  oeve<’  weeks  of 
activity  shown  in  Fig  3  there  were  8  deaths  under  day/niglft  conditions  and  11  under  constant 
illumination:  over  a  total  of  14  weeks'  observation  the  figures  were  16  and  28  respectively 
(Chi  Square  test,  Fs0.05-0.06).  Similar  results  were  reported  in  experiments  I  and  II  >nd 
it  is  reasonable  to  suppose  that  the  increased  mortality  was  a  result  of  the  non-scasonal 
light  conditions,  as  discussed  later. 

Experiment  IV  (post-eneedysis) 

Following  the  shedding  of  exuviae  containing  no  penis  tissue  by  barnacles  injected 
during  aneedysie  with  0.2  ug  crustecdysone  a  further  study  was  made  of  the  effects  at  this 
level  of  hormone  action.  'B.balanoides  from  the  same  natural  population  as  those  in 
a^eriment  III  were  brought  into  the  laboratory  on  January  5th  1972.  The  population  was 
apparently  entering  the  post-aneedysis  state  as  moulting  was  evident  when  the  adults  were 
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placed  in  the  sea-water  system  and  the  exuviae  contained  rer.is  tissue.  A  group  of  25 
adults  was  left  untreated  and  another  was  injected  on  four  consecutive  days  with  a  total 
dose  of  0.2  tig  hormone;  these  were  maintained  under  day/night  conditions  at  a  mean 
temperature 'of  8.9°C.  The  daily  moulting  activities  for  a  period  of  four  weeks  after 
the  barnacles  were  brought  into  the  laboratory  are  shown  in  Table  ?• 

There  was  a  marked  moulting  response  during  a  period  of  9-16  days  after  the  first 
injection  of  hormone,  in  which  23  moults  occurred  compared  with  two  in  the  control  group. 
However,  although  the  exuviae  possessed  either  penis  tissue  or  stumps,  none  showed  only 
penis  cuticle  and  there  were  no  abnormalities.  This  is  in  agreement  with  the  results  of 
the  post-aneedysis  period  of  the  previous  year  (ex  eriment  II)  under  day/night  conditions. 
Thus  the  abnormal  moulting  phenomenon  observed  in  the  0.2  ug  hormone  groups  during  the 
aneedysis  of  ex-eriments  I  and  III  did  not  occur  when  the 'same  dose  was  injected  under 
day/night  conditions  into  a  population  which  had  already  corrrrnced  moulting.  It  is 
reasonably  certain  that  a  number  of  the  experimental  adults  must  have  previou  ly  moulted 
in  the  sea,  as  (i)  15  of  the  exuviae  shed  during  the  hormone  induced  res-'onse  (days  14-21) 
had  penis  stumps,  showing  that  they  were  second  moults:  before  this  res  onse  only  eight 
penis  tissue  or  stump  exuviae  had  been  shed  by  this  group  in  the  laboratory,  and  (ii)  over 
eight  weeks'  observation  only  16  and  15  exuviae  containing  penis  tissue  were  shed  by  the 
untreated  and  hormone  groups,  respectively. 

3.  Discussion 

The  injection  of  crustecdysono  during  the  post-breeding  condition  of  B~  lnnus 
balanoides  had  marked  effects  upon  moulting  activities.  Although  the  ex  eriments  confirmed 
tiie  action  of  hormone  previously  observed  during  late  summer  (1)  the  nature  of  the  responses 
differed  in  soveral  aspects,  defending  upon  whether  the  animals  were  in  a  state  of 
aneedysis  or  had  entered  the  post-aneedysis  state.  Moulting  activities  were  also  influ¬ 
enced  by  the  illumination.  Although  the  responses  during  these  experiments  were  complex 
there  were  distinct  patterns  of  activity  which  appear  to  be  similar  to  those  observed  in 
other  arthropod  species. 

Interpretation  of  the  results  is  facilitated  if  the  res  onses  under  day/night 
conditions  are  discussed  before  the  effects  of  non-season;- 1  illumination.  Crustccdysone 
induced  moulting  activity  durin  the  period  of  aneedysis  markedly  before  its  resumption 
in  untreated  controls  and  the  nature  of  the  response  was  related  to  tho  level  of  injected 
dose.  In  both  experiments  I  and  III  the  injection  of  0.2  ug  hormone  resulted,  in  marked 
and  synchronized  activity  whereas  with  a  dose  of  0.02  ug  there  was  either  little  response 
or  a  significantly  longer  mean  time  to  first  moult.  T.  e  low  response  to  0.02  ng  hormone 
during  the  first  2-3  weeks  of  experiment  I  indicates  that  the  resultant  titre 'in  the 
animals  was  insufficient  to  induce  ecdyr-.is  in  more  th-  n  15-2 5h>  of  the  group  during  this 
initial  period:  the  associated  mortality  suggests  that  some  of  the  b-  modes  nay  have 
initiated  moult  processes,  and  then  died.  It  thus  appears  that  the  titre  arising  from 
this  dose  was  similar  to,  or  slightly  below,  that  v/hic’-  occurred  naturally  at  the  end  of 
aneedysis,  particularly  as  tho  induced  activity  was  comparable  with  that  which  later 
followed  in  the  untreated  controls.  Tho  reason  for  the  greater  re.  onGC  to  this  0.02  ug 
dose  in  experiment  III  is  uncertain:  although  it  could  have  arisen  from  a  variation  in  the 
experimental  conditions  over  two  seasons,  there  may  have  been  a  difference  in  the  stage 
of  aneedysis;  the  injections  were  made  a  week  later  than  the  eorresronding  •  eriod  for 
experiment  I  and  the  barnacles  may  thus  have  been  nearer  to  the  end  of  the  aneedysis  state. 
The  marked  response  to  0.2  ug  hormone  in  both  experiments  strongly  suggests  that  the 
resultant  titre  in  the  barnacles  was  higher  than  tho  natural  level  which  occurs  at  the 
end  of  aneedysis. 

Following  the  injection  of  0.2  ug  hormone  crustecdysono  durin-  aneedysis  the  nature 
of  a  proportion  of  the  exuviae  shed  at  the  first  moult  was  abnormal  in  relation  to  both 
the  two  control  groui  s  an.  the  observations  of  previous  authors  (2),  in  that  venis  tissue 
was  completely  or  partially  retained.  This  was  observed  in  both  ex  eriments  I  and  III 
and  indicates  that  injected  hormone  can  interfere  with  an  apparent  natural  meclianism  at 
the  end  of  aneedysis.  The  dependence  of  these  abnormalities  upon  dose  of  hormone  suggests 
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that  they  ware  related  to  the  ensueing  level  In  the  animals  during  the  processes  of  the 
first  moult «  Although  there  is  no  direct  evidence  concerning  endogenous  seasonal/levels 
of  moulting  hormones  in  barnacles  it  is  reasonable  to  suppose  that  the  mean  titre  (and/or 
sensitivity  of  target  cells)  of  a  population  is  low  during  the  post-aneodysis  period  and 
increases  during  the  summer.  It  was  found  that  at  a  time  of  relatively  high  natural  moult¬ 
ing  activity  during  the  summer  that  there  were  no  apparent  differences  between  the  effects 
of  0.02  and  0.2  tig  crustecdysone  (1).  It  may  be  that  the  natural  shedding  of  penis  tissue 
at  the  end  of  aneedysis  is  associated  with  a  low  level  of  production  of  moulting  hormons(s) 
and  that  as  has  been  suggested  (2)  the  phenomenon  is  part  of  a  basic  physiological  rhythm 
associated  with  breeding.  The  mechanism  responsible  for  the  abnormal  responses  induced 
by  the  higher  dose  of  crustecdysone  is  not  known.  The  situation  is  complicated  by  a  report 
(14)  that  untreated  barnacles  which  have  been  fed  during  anecdysia  maty  retain  all  or  part 
of  the  penis  tissue  at  the  first  moult  and,  further,  that  this  phenomenon  has  been  observed 
in  naturatl  populations.  It  appeatrs  significant  that  under  day/night  conditions  in  experi¬ 
ments  II  and  IV  no  abnormal  exuviae  were  shed  after  the  injection  of  0.2  ug  crustecdysone 
during  the  post-aneodysis  period:  in  these  experiments  the  hormone  was  acting  upon  a  popu¬ 
lation  which  had  already  commenced  moulting.  The  nature  of  the  moult  may  therefore  be 
determined  by  the  ho-mone  titre  at  the  initiation  of  pro~eo$als  or  at  later,  critical, 
stages:  support  for  this  is  found  in  the  suggestion  that  the  level  of  moulting  hormone 
titre  in  the  crab  Carcinus  maenas  determines  the  nature  of  the  to  be  initiated 

during  a  moult  cycle  (15).  It  can  be  considered  that  the  experimental  addition  of  food 
during  anecdysia  does  not  reflect  the  natural  condition  -  thus  the  observation  on  complete 
or  partial  retention  of  penis  tissue  by  untreated  barnacles  fed  in  the  laboratory  (13)may 
reflect  an  increased  production  of  moulting  hormone(s)  above  that  which  would  occur 
naturally. 

Injection  of  crustecdysone  may  also  stimulate  an  endogenous  system,  as  suggested  by 
the  results  of  experiment  I  in  which  the  increased  moulting  activity  in  the  boxmone  groups 
was  sustained  for  at  least  12  weeks.  It  appears  extremely  unlikely  that  this  effect  could 
be  due  to  injected  hormone  persisting  in  the  animals  for  such  a  period  and  furthermore 
it  has  been  shown  that  injected  eedyeones  can  stimulate  prothoracic  glands  in  insects  to 
produce  moulting  hormones  (16).  A  similar  effect  was  reported  during  sunnier  moulting 
activity  in  barnacles  (1),  although  the  stimulation  was  only  evident  for  approximately  two 
weeks.  The  long  term  nature  of  the  increased  moulting  after  injeotion  of  hormone  during 
aneedysis  appears  to  reflect  the  low  natural  activity  which  follows  this  period  and  indi¬ 
cates  that  the  duration  of  the  effect  may  be  related  to  the  level  of  endogenous  endocrine 
activity  at  the  time. 

Moulting  activities  during  the  post-breeding  period  were  also  influenced  by  light* 

As  seen  in  experiment  II  and  III  the  nature  of  the  responses  under  constant  illumination 
differed  in  several  aspects  from  those  observed  in  the  day/night  conditional  (i)  moulting 
activity  was  increased  in  all  experimental  groups,  (ii)  in  experiment  III  (carried  out 
during  aneedysis)  there  was  an  earlier  resumption  of  moulting  in  untreated  controls,  (Hi) 
although  no  abnormal  exuviae  were  shed  under  day/night  conditions  during  either  of  the 
post-aneedysis  periods  of  experiment  II  and  IV,  there  was  apparently  some  retention  of 
penis  tissues  in  the  three  injected  groups  under  constant  illumination  in  the  former 
experiment,  and  (iv)  mortality  was  increased.  The  nature  of  these  responses  suggests  that 
they  were  related  to  effects  of  light.  Although  responses  vary  between  crustacean  species 
it  has  been  shown  that  increased  photophase  in  winter  can  induce  moulting  responses  (eg  7, 

9,  10).  Furthermore,  it  has  been  shown  that  light  will  control  the  production  of  eedysone 
via  the  brain  of  the  silkworm  Antheraea  cernyi  (17).  The  increased  mortality  in  barnacles 
subjected  to  constant  illumination  in  experiments  I  and  III  appears  to  be  another  manifesta¬ 
tion  of  light  as  it  has  been  shown  that  constant  light  is  lethal  to  crabs  in  winter  (10) 
and  that  although  during  winter  aneedysis  in  crayfish  some  animals  moulted  in  response  to 
non-seasonal  illumination  many  died  at  various  stages  of  the  moult-cycle  (9)*  It  seems 
therefore  that  the  response  to  light  observed  in  Balanus  balanoldee  is  similar  to  those 
observed  in  other  crustaceans  and  that  the  production  of  an  eedysone  or  moulting  hormone(s) 
may  have  been  stimulated.  This  contention  would  appear  to  be  borne  out  by  the  similarity 
of  the  effects  of  light  to  those  induced  by  the  injeotion  of  crustecdysone. 
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An  early  induction  of  moulting  also  occurred  in  sea- water  injaotad  oontrola  during 
anecdysis  undar  day/night  conditions.  It  has  baan  shown  previously  that  wounding  will 
lncraasa  moulting  activity  in  barnaclas  (1)  and  it  was  suggastad  that  this  arose  from  a 
stimulation  of  an  andogenous  endocrine  system  which  resulted  in  increased  produetion  of 
moulting  hormonea(a).  It  appears  that  a  similar  phenomenon  induced  the  early  moulting  in 
the  injected  controls  during  anecdysis.  Similar  wound  responses  have  been  observed  in 
insects,  eg  diapause  in  various  fly  spade*  can  be  broken  by  pricking,  apparently  as  a 
result  of  renewed  activity  of  neurosecretory  cells  (18). 

The  results  suggest  that  the  annual  reproductive  anecdysis  in  Balagus  balanoides  is 
part  of  a  basic  physiological  activity  with  which  light  may  be  associated,  rills  contention 
is  supported  by  the  critical  role  of  photoperiod  in  the  induction  of  the  breeding  oondition 
(4,  5,  6) i  however,  the  mechanians  involved  in  this  period  are  still  unknown  and  the 
suggestions  offered  are,  at  best,  only  partial  explanations.  Despite  a  suggestion  that 
only  a  moult-acceleratlng  hormone  (HAH)  is  involved  in  the  control  of  moulting  in  barnacles 
(19),  a  moult-inhibiting  hormone  (MIH)  could  be  involved  in  the  reproductive  anecdysis. 

In  crustaceans  the  production  of  MAH  is  typically  under  the  control  of  MIH  which  prevents 
its  formation  (eg  20,  21)  and  it  has  been  suggested  that  light  controls  the  relationship 
between  these  hormones  (9).  The  post  breeding  condition  of  Balanua  balanoides  appears  to 
be  an  interesting  field  for  studying  the  role  of  moulting  hormones  and  the  biological 
mechanisms  controlling  their  production  and  action.  Investigations  of  experimentally 
induced  activities  should  provide  information  about  endogenous  systems  and  how  they  may  be 
exploited  for  anti-fouling  purposes. 
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Table  4.  Number  of  penis  tissue  exuviae  shed  durir 
'(over  seven  week  period) 


Daylight 


Constant  illumination 


Controls 

20* 

17 

Sea-water  injected 

16 

21 

0.02  Mg  crustecdysone 

19 

24 

0.2  ag  crustecdysone 

20 

24 

*  out  of  26  adults 
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Table  5.  Crustecdynone  action  after  Injection  curing  onecdysis  (over  seven  week  period). 


Total  moultinr  activities 

Day/llight 

Constant  illumination 

Mean 

Mean 

Controls  90 , 

80, 

78, 

100. 

87 

80, 

111,  100, 

140. 

108 

Sea-water  injected  100, 

m, 

50, 

8o. 

85 

155, 

120,  111, 

120. 

127 

0.02  ug  hormone  140, 
0.2  m  hormone  170, 

113, 

130, 

133. 

129 

138, 

150,  164, 

160. 

153 

H5, 

135, 

167. 

146 

189, 

180,  130, 

211. 

178 

NOTE:  each 

experimental  grov^  comprises  four  sub-groups  of  10  adults 

• 

frble  6.  Analysis  of  variance 

of  results 

in  Table  5 

Source  of  variation 

d.i 

•t 

Sum  Sq 

Mean  Sa  ] 

F1  ratio 

Illumination  (I) 

1 

6,873 

6,873 

13.72 

_ 

<0.01 

Treatment  (T) 

3 

21,882 

7,294 

14.56 

<0.001 

IxT  interaction 

3 

496 

165.3 

0.33 

notsig. 

Residual 

24 

12,019 

500.8 

- 

- 

Total 

31 

41,270 

- 

- 

- 

Table  7.  Crustecdysone  action  durinr  rost-anecdy  ,ic  (over  four  week  -eriod) 

Exuviae  shed  by  group  r.  of  25  adults 


Injections 


i 

2 

3 

4 

1  5 

7 

81 

9 

10 

11 

12 

13 

14 

Controls 

i 

1 

1 

1 

1 

0 

1 

3 

1 

0 

0 

0 

1 

2 

0.2  ^ig  hormone 

0 

1 

1 

1 

0 

3 

1+1*  0 

0 

0 

0 

0 

0 

2*2  • 

Days 

15 

16 

iZ__ 

18 

19 

20 

21 

22 

24 

25 

26 

27 

28 

Controls 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 m2  ug  hormone 

>2* 

1+6* 

4* 

0 

1* 

1 

1 

0 

0 

0 

0 

0 

0 

0 

f 

2D 

D 

D 

2D 

* 

NOTE:  unmarked 

exuviae  contain 

penis  tissue, 

.  _ 

penis  sturm  exuviae,  D 

-  death 
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Biological  studies  on  fouling  problems  in  Italy 
G,  Relini  and  G.  Dabini  Oliva 

Consiglio  Nazionale  delle  Ricerche 
Laboratorio  per  la  Corrosione  Marina  dei  Metalli 
Via  Mercanzia  4  -  16123  Genova 
Italia 

Biological  studies  on  fouling  from  Italian  seas,  particu 
larly  the  Lagoon  of  Venice,  Liguria, Sardinia  and  Civitavecchia 
have  been  described  with  special  regard  to  results  obtained 
during  ten  years'  surveys  in  the  Ligurian  sea  and  mainly  in 
the  Genoa  harbour.  Fouling  from  harbours,  off-shore  and  from 
electric  power  intakes  have  been  investigated  (biology-ecology- 
weights)  also  in  relation  to  principal  antifouling  systems  used 
in  the  intakes.  By  experimental  data  on  laboratory  and  indu¬ 
strial  plants  it  was  the  effectiveness  of  continuous  clorine 
supply  was  pointed  out  as  well  as  the  high  velocity  of  water 
flow  to  prevent  fouling  settlement) also  from  the  point  of  view 
of  pollution  control.  Distribution,  settlement  periods,  growth 
rates  and  mortality  of  fouling  organisms  have  been  studied  in 
several  zones  having  different  types  and  degrees  of  pollution. 

Key  Words:  Fouling  in  Italy;  harbours;  off  shore; 
power  stations;  intakes;  Biology,  Ecology,  Weight; 
Pollution;  Chlorination;  Settlement  at  different 
speed  of  water  flow. 


In  Italy  biological  studies  on  fouling  (Marine  borers  excluded)were  begun  on 
ly  about  15  years  ago  and  the  following  localities  (fig.  1)  have  been  invest! 
gated:  the  Lagoon  of  Venice  (l)  (2)  (3)  (4),  the  Ligurian  sea  and  particular 
ly  the  Genoa  harbour  (5)  (6)  (7)...  (39)  (40),  Sardinia,  off-shore  (41)  and 
Civitavecchia  (42)  (43)  (44)  (45). 

On  the  fouling  from  Civitavecchia  and  the  Lagoon  of  Venice  are  known:  list 
of  species,  settlement  periods,  seasonal  sequences  and  some  data  about  the 
amount  of  fouling  expressed  as  wet  or  dry  weight.  While  new  investigations 
are  going  on  in  Trieste  and  Venice,  most  of  our  present  knowledge  on  Italian 
fouling  (biological  problems)  comes  from  studies  carried  out  during  more 
than  ten  years'  investigations  in  the  Ligurian  sea,  where  ecology  of  fouling 
organisms  was  examined  in  relation  to  principal  antifouling  systems  and  dif¬ 
ferent  hydrological  conditions.  The  present  report  deals  chiefly  with  the 
principal  results. 

In  Genoa  harbour  fouling  six  dominant  communities  (10)  (11 )  are  described: 
l)  Microorganisms  2)  Ciona  3)  Barnacles  4)  Zoobotrion  5)  Serpulids  and 
6)  Mussels)  only  the  last  one  reaches  a  rather  climax  situation. 

Because  of  substratum  preference  they  may  be  divided  into  three  groups: 
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a)  community  which  appears  only  on  newly  exposed  panels  (microorganisms) 

b)  communities  which  appear  only  on  fouled  panels  as  Zoobotrion  and  Mussels 

c)  communities  present  in  both  the  precedent  situations  ( Ciona .  Barnacles  and 
Serpulids).  A  rather  different  situation  was  pointed  out  in  the  Vado  Ligure 
bay, where  Microorganisms  and  Algae,  Hydroids^ Barnacles  (Serpulids  only  on  mon 
thly  panels)  and  Mussels  are  dominant  communities  (36)  and  generally  also  the 
most  abundant  species  are  not  the  same  as  in  the  Genoa  harbour  (15)  (22)  (23) 
(24)  (25)  (27)  (28)  (29). 

In  Venice  fouling  (3)  dominant  organisms  are  Microorganisms  with  Algae, 

Hydroids  (especially  Tubularia  mesembrianthemum  during  April  and  May)  Bryozoa 
( Bugula  stolonif era  in  June)  Ascidians  ( Botryllus  schlosseri  in  July)  and 
Mussels  (Mytllus  galloprovincialis ) . 

Seasonal  quantitative  variations  of  fouling  were  examined  in  several  Ligurian 
harbours  (37)  and  in  the  Genoa  harbour  variations  related  to  ddpth  (0,1;  -  1; 

-  5}  -  9;  -  14;  -  16  m)  were  also  considered  (14)  (16)  (28)  (29).  In  particular 
settlement  periods  of  Barnacles  and  Br^ozoans  at  6  different  depths  were 
described  (see  fig.  2  and  tables  1,  2). 

The  highest  monthly  weights  of  wet  fouling  were  obtained  at  all  depths  during 
summer  months,  due  to  the  heavy  settlement  of  Barnacles  and  Serpulids,  but 
weight  decreases  with  depth  contemporaneously  with  the  reduction  of  fouling 
density. 

This  weight  decreasing  with  depth  does  not  agree  with  DePalma's  results  off 
Sardinia  (4l)t  an  average  weight  (dry)  of  5,57  g/dm2  foot  of  surface  was 
collected  from  panels  exposed  during  seven  months  at  58  m  depth  and  1,1  g/dm 
from  those  exposed  at  15  meters. 

The  maximum  one-year  accumulation,  recorded  from  Genoa  fouling  panels  (14) 
was  607  g/dm2  while  the  highest  monthly  weight  was  found  in  August  1967: 

89  g/dm2  on  a  surface  panel,  while  14  m  depth  panels,  in  the  same  period, 
showed  a  weight  18  times  lower,  2 

Higher  values  have  been  found  in  Venice:  631,4  g/dm  on  a  3  month  panel  in 
June  and  689,2  g/dm2  on  a  year’s  panel  in  September, 

The  fouling  growing  on  one  year  panels  immersed  in  open  sea  at  Vado  Ligure 
(near  Savona,  -8  m  depth)  weighed  more  than  460  g/dm2  while  near  Marseille 
the  average  higher  wet  weights  after  one  year  was  about  20  g/dm2  (46)  at  17- 
19  m  depth. 

In  Genoa  harbour  power  station  intakes  have  been  observed  an  amount  of  289g/lm 
of  fouling  on  3  months  panels  and  716  g/dm2  on  walls  after  one  year  (both  wet 
weights)  while  the  highest  value  recorded  in  literature  is  640  g/dm2  of  Mus¬ 
sels  growing  in  21  weeks  in  the  salt  water  intake  tunnels  of  a  power-house 
at  Lynn,  Massachusets  (47). 

Ten  harbours  from  western  Liguria  (also  little  ones)  (37)  and  seven  stations 
with  different  types  and  degrees  of  pollution  in  the  Genoa  harbour  were  chosen 
for  an  evaluation  of  the  correlation  between  hydrological  parameters,  pollu¬ 
tion  and  distribution  of  fouling  organisms  during  a  one  year  survey  (fig.  3). 

In  particular  the  last  seven  stations,  by  means  of  fouling  (species  settle¬ 
ment  period,  growth  rates,  mortality)  and  physico-chemical  parameters  (parti¬ 
cularly:  temperature,  pH,  dissolved  oxygen,  salinity,  Nitrogen  Ammonia,  Nitro 
gen  Nitrite,  Nitrogen  Nitrate,  Phosphate,  Total  iron.  Anionic  surfactants) 
have  been  characterised  as  follows  (21)  (26)  (31)  (32)  (33)  (34)  (35)  (38): 
Station  1:  high  content  of  Nitrogen  Ammonia,  Nitrogen  Nitrate,  Phosphate, 
high  turbidity,  high  surfactants  concentration  (0,84  ppm),  low  dissolved 
Oxygen,  fluctuation  in  pH  and  Salinity. Minimum  of  sessile  fouling  settlement 
Hjrdroides  elegans.  Ciona  intestinalis.  Balanus  amphltrite  only  on  monthly  pu 
nels,  however  some  Algae  (especially  Bryopsis  plumosa  and  Enteromorpha  spp. ) 
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can  resist  more  than  one  month  and  grow  vigorously.  Within  the  black  slime 
and  mud  on  the  panels,  many  individuals  are  of  the  Polychaetess  Staurocephalus 
rudolfii  Podarke  pallida  (probably  Capitella  capitata )  and  of  the  Crustacean 
Webalia  bipes  are  living. 

Station  2i  eutrophic  waters  but  less  than  those  of  the  first  station. 

Ciona  intestinalis.  Hydroides  elegans.  Bugula  stolonifera  are  dominant  organ¬ 
isms  and  settle  through  the  year  contrary  to  other  stations.  A  peculiar  thing 
is  the  heavy  presence  of  the  Isopode  Sferoma  serratum  which  covers  all  inter¬ 
tidal  substrata  (in  the  Genoa  harbour  the  tide  does  not  exceed  30  cm.). 

Station  3:  this  is  the  control  station,  being  the  best  known,  the  less  pollu¬ 
ted  and  the  richest  as  species  but  not  as  individuals  of  Algae  and  animals. 

Station  4»  similar  to  the  last  one,  but  with  more  Nitrogen  Nitrate  content 
and  shallower. 

Station  5»  zone  with  high  turbulence  and  water  temperature  (over  20°C  through 
the  year).  Dominant  are  Ulva,  B,  amphitrite.  Hydroides  elegans. Also  very  com¬ 
mon  is  a  small  Attinian:  Diadoaene  ludae. 

Station  6 :  in  front  of  the  steel-works;  high  concentration  of  Iron  (up  to 
7698  f-g).  Nitrogen  Aamionia,  low  salinity  which  here  reaches  its  lowest  value 
(28,9  °/,0).  After  the  first  station  this  one  is  the  poorest  in  fouling. 

Station  7l  polluted  by  oil  and  surfactants.  Complete  absence  of  intertidal 
macroorganisms. 

Investigations  were  carried  out  also  on  the  influence  of  the  substratum  pH 
(13)  (48)  against  settlement  and  on  the  behaviour  of  fouling  upon  several  me¬ 
tal  panels  (12)  (copper,  zinc,  iron,  steel,  inox,  aluminium)  in  long  and 
short  term  experiences. 

More  and  more  important  and  current  in  Italy  too,  are  the  problems  concerned 
with  the  prevention  of  fouling  in  pipes  and  tunnels  because  there  is  an 
increasing  tendency  for  large  industrial  installations  to  be  situated  on  the 
coast,  using  seawater  as  a  coolant. 

As  well-known,  (49)  (50)  such  installations  are  susceptible  to  heavy  marine 
fouling  growing  in  the  coaling  systems  especially  when  the  intake  is  in  the 
harbour  or  other  eutrophic  water  as  happened  for  two  (Genoa  and  La  Spezia) 
out  of  three  electric  power  stations  located  in  Liguria.  For  several  years 
we  have  examined  the  fouling  in  the  intake  tunnels  of  those  two  power  stations 
and  we  have  investigated  the  common  antifouling  systems  with  the  aim  of  sug¬ 
gesting  the  best  one  for  the  new  power  station  which  was  being  built  in  the 
Vado  Ligure  bay. 

Mussels,  Serpulids  and  Barnacles  are  by  far  the  most  troublesome  fouling  ani¬ 
mals  in  Ligurian  intakes;  Serpulids  form  a  peculiar  dominant  community  (30). 
Such  a  community  of  chlorinated  water,  already  known  from  literature  (51) (52), 
reaches  35  cm  thickness  in  one  year  and  683  g/d»2  of  wet  weight  and  258  g/dm2 
of  dry  weight  when  the  intermittent  schedule  of  chlorination  is  not  good. 
Special  attention  was  given  to  prevention  systems  based  on  chlorination  and 
on  speed  of  water  flow  because  of  being  more  effective  and  less  noxious  from 
the  pcint  of  view  of  pollution  control. 

In  fact  in  the  first  method,  very  little  chlorine  is  discharged  to  the  sea; 
chlorine  and  its  products  are  quickly  absorbed  and  active  chlorine  rapidly 
disappears  from  the  water.  In  the  second  system,  the  best,  no  substance  is 
added  to  the  sea  water  which  flows  with  high  speed. 

By  means  of  a  small  experimental  pilot  plant  sited  on  a  pier  in  Genoa  harbour 
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it  was  seen  that  0,3  ppm  of  continuous  Chlorine  (sodium  hypochlorite)  supply 
was  sufficient  to  prevent  settlement;  for  killing  adult  Serpulids  ( Hydroides 
and  Serpula)  in  one  hour  more  than  600  ppm  are  required(38)  (53). 

So  the  ineffectiveness  of  chlorination  in  some  of  the  Ligurian  pipes  is  due 
to  a  bad  chlorination  schedule  and  to  the  shape  of  intake  constructions,  in 
fact  the  wrongly  constructed  tunnels  have  many  corners  and  contain  areas 
where  the  average  speed  of  flow  and  renewal  of  water  is  low. 

These  results  which  agree  with  literature  data  (49)  (50)  were  confirmed  in  a 
new  industrial  plant. 

The  results  obtained  on  fouling  prevention  by  speed  of  water  flow  are  even 
more  interesting  and  surprising. 

By  experimental  apparatus  (a  rectangular  tube  with  three  internal  sections 
300  x  40  mm,  250  x  40  mm,  200  x  40  mm,  completely  immersed  in  the  sea  water 
and  with  the  pump  to  the  end  of  the  canal  containing  asbestos  panels  -  size 
1000  x  318  x  3  mm  -,  hydraulically  smooth  )  limiting  velocities  of  water  flow 
for  settlement  of  principal  fouling  organisms  were  determined  (39),  observing 
settled  individuals  and  not  the  behaviour  of  larvae  as  Prof.  Crisp  has  done 
(54).  Ascidians  and  Bryozoans  in  our  experimental  conditions  cannot  settle  at 
currents  higher  than  0,4  m/sec,  while  Serpulids  (Hydroides  elegans  and  Serpul a 
concharum)  settle  until  0,5  -  0,6  m/sec. 

Barnacles  (B,  amphitrite  being  the  most  important  species)  are  able  to  settle 
on  the  panels  exposed  to  a  water  flow  until  about  lm/sec. 

Really,  as  pointed  out  by  Crisp  (54)  (55),  the  important  dynamic  feature  of 
water  flow  relative  to  settlement  is  likely  to  be  the  velocity  gradient,  or 
rate  of  shear,  at  the  surface  rather  than  the  stream  velocity  within  the  body 
of  the  fluid. 

Our  colleagues  (56),  by  mathematiral  and  hydrodynamic  study  of  the  distribution 
of  velocities  within  the  boundary  layer,  have  been  successful  in  finding  a 
correlation  between  data  obtained  with  our  experimental  equipment  and  those 
of  any  other  conduit  or  pipe  if  the  surfaces  are  smooth  and  flow  with  uniform 
turbulence. 

These  results  had  an  important  confirmation  in  a  new  industrial  plant  built 
following  our  advice. 

They  (56)  have  found  also  that,  at  the  same  Reynolds  number,  an  increase  of 
fifty  per  cent  in  the  water  flow  velocity  rises  the  pressure  able  to  prevent 
attachment  of  the  cypris  by  five  times. 

With  the  same  equipment  we  have  investigated  (39)-  the  influence  of  water  cur¬ 
rent  on  the  growth  of  fouling  organfems  which  settled  on  panels  before  the 
experiment  was  begun. 

Preliminary  results  show  that  Serpulids  stop  their  growth  when  the  velocity 
of  the  water  current  is  higher  than  2  m/sec. 

The  growth  of  settled  Barnacles,  when  they  are  submitted  to  a  speed  of  2, 

2,5  |  3  m/sec,  decreases  respectively  to  one  half,  a  quarter  and  almost  com¬ 
pletely  stops,  in  comparison  with  growth  of  control  panel  Barnacles. 

Though  this  report  is,  of  course  a  summarizing  and  schematic  one,  we  hope  we 
have  given  a  sufficient  idea  of  the  research  developed  in  Italy  with  the  aim 
of  contributing  to  a  greater  knowledge  of  fouling  problems,  also  from  the 
point  of  view  of  geographical  and  regional  differences  in  composition  and 
behaviour  of  world  fouling,  necessary  knowledge  for  efficient  antifouling 
systems  use. 
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Discussion 

O.E.  Sechler  asked  for  particulars  of  the  physical  and  chemical  parameters  characterizing 
a  "clean"  intake  pipe.  G.  Relini  replied  that  the  intakes  vere  completely  filled  with  water,  and 
that  settlement  was  prevented  solely  by  the  speed  of  water  movement  -  about  2  meters  per  second 
through  the  pipe  -  and  not  by  chemical  treatment  of  the  surface,  though  it  was  important  that  the 
walls  were  smooth.  J.S.  Ryland  asked  for  a  further  breakdown  of  flow  velocities,  since  it  was 
velocity  at  the  surface  and  not  mean  flow  that  was  important.  G.  Relini  replied  that  a  mathem¬ 
atical  treatment  of  flow  rates  in  the  experimental  apparatus  and  in  the  intake  pipe  would  be 
published  shortly  by  some  of  his  colleagues. 

A  speaker  connected  that  intake  velocities  greater  than  0.5  meters  per  second  usually 
resulted  in  fish  being  forced  against  the  screens  and  killed ;  but  it  was  then  pointed  out  that  a 
funnel-shaped  intake  would  combine  a  relatively  narrow  pipe,  having  a  high  water  velocity ,  with  a 
large  screen  through  which  the  water  flowed  slowly  enough  not  to  kill  fish.  Another  possibility 
sectioned  was  to  have  the  screen  set  at  an  angle  to  the  flow,  rather  than  perpendicular  to  it,  so 
that  fish  would  not  be  trapped. 

K.C.  Marshall  pointed  out  that  the  control  referred  to  by  G.  Relini  was  of  macrofouling. 
Even  in  a  high  velocity  pipeline  microbial  fouling  occurs  and  will  decrease  the  smoothness  of  the 
surface.  In  hydroelectric  pipelines  micro-organisa^  oxidize  manganese  and  deposit  it  on  the 
surface,  and  the  roughness  created  causes  turbulence  troubles. 
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TABLE  1 


Vertical  distribution  of  BRIOZOA  settlement  on  monthly  panels  from  1966  to  1Q71 


Depths 
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Total 
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The  panel  area  was  about  1200  cm 
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Vertical  distribution  of  total  BARNACLES  settlement  from  1965  to  1971. 


Depths 
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One  da  /  panel  was  considered 
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ITALIAN  LOCALITIES  OF  FOULING  STUDIES 


#  Harbours  and  lagoon  X  off  ahora 
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764 


-16  m-depth 


Per  cent  distribution  of  Barnacles  settlement  at  six  depths  from 
August  1955  to  December  1971  in  the  Genoa  hc-bour. 


Fig.  3  -  (please  turn  over) 

Distribution  of  the  Ascidians,  Barnacles  and  Polichaetes  in  seven  stations 
of  Genoa  harbour  differently  polluted. 

For  the  chemical  and  physical  parameters  are  reported  minimum  maximum  and 
mean  (in  brackets)  values  of  24  measurements  made  in  one  year. 


Metabolism  of  Mercury  Compounds  by  Bacteria  In  Chesapeake  Bay 


J.  D.  Nelson,  Jr.  and  R.  R.  Colwell 

Dept.  of  Microbiology 
University  •>?  Maryland 
College  Park,  Maryland  20742 


Biological  transformations  of  mercury  In  the  envir¬ 
onment  have  been  Identified,  but  neither  the  key  agents 
nor  the  exact  processes  are  well  understood.  Mobili¬ 
zation  of  mercury,  as  a  part  of  the  mercury  "cycle" 
in  nature,  has  been  given  attention  because  of  an 
increasing  mercury  load  in  the  environment  with 
resultant  hazards  to  human  health,  derived  in 
part  from  microbial  activity. 

Mercury  resistant  bacteria  isolated  from  Chesa¬ 
peake  Bay  were  capable  of  metabolizing  phenylmer- 
curic  acetate  (PMA)  with  the  production  of  elemental 
mercury.  The  Pseudomonas  spp.  Isolated  were  resis¬ 
tant  to  mercury  compounds  in  general  and  were  capable 
of  adaptation  to  high  levels  of  resistance  to  specific 
mercury  compounds.  The  process  of  biomethylation  of 
inorganic  mercury  and  the  observed  "reductive  decom¬ 
position"  of  organo  mercury  by  mercury  resistant 
marine  bacteria  may  be  responsible  in  part  for 
mercury  mobilization  and  subsequent  detoxification 
of  mercury  polluted  environments,  as  well  as  atmos¬ 
pheric  transport  of  mercury. 

The  decomposition  of  PMA  by  a  Pseudomonas 
species  was  found  to  be  dependant  upon  adaptation 
to  PMA  and  was  magnesium  ion  dependant.  From  the 
pattern  of  PMA  uptake  by  cells  and  effects  of  inhi¬ 
bitors  of  oxidative  phosphorylation  on  the  PMA 
metabolic  process,  it  was  concluded  that  degradation 
of  PMA  takes  place  on  the  cell  surface,  with  production 
of  predominantly  inorganic  volatile  species  of  mercury. 

KEY  WORDS:  mercury  metabolism,  PMA  decomposi¬ 
tion,  bacterial  mobilization  of  mercury, 

Chesapeake  Bay  and  mercury 


INTRODUCTION 

Mercury  in  the  aquatic  environment  is  transformed  by  a  series  of 
reactions  into  highly  toxic  and  persistent  alkylated  forms  which  accumulate 
in  higher  animals  and  plants  (1,2,3)  .  Participation  of  bacteria  in  these 
events  has  been  documented  (4).  The  demonstration  of  reductive  decomposi¬ 
tion  of  both  Inorganic  and  organic  mercury  compounds  to  elemental  mercury 
by  mercury  resistant  bacteria  suggests  that  the  aerobic  and  facultatively 

■*■1716  numbers  in  parentheses  refer  to  the  list  of  references  at  the  end  of 
this  paper. 
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anaerobic  bacteria  may  be  Influential  In  the  mobilization  of  environmental 
mercury  (5.6.7)1.  Preliminary  studies  have  shown  the  phenomenon  to  be 
Inducible  (8)1,  and  transferable  from  one  cell  to  another  In  the  form  of 
DNA  information  (7, 8, 1)1. 

The  Investigation  of  the  metabolism  of  mercury  by  aerobic,  heterotro- 
phic,  mercury  resistant  bacteria  has  comprised  a  part  of  our  study  of  the 
overall  mercury  cycling  by  bacteria  in  Chesapeake  Bay.  We  have  observed 
a  correlation  between  numbers  of  mercury  resistant  bacteria,  60#  of  which 
were  Pseudomonas  species,  and  environmental  levels  of  mercury  (10).  Thus, 
we  present  in  this  report  the  results  of  our  Investigation  of  the  mechanisms 
of  resistance  and  metabolism  by  a  group  of  Chesapeake  Bay  bacterial  cul¬ 
tures  . 


MATERIALS  AND  METHODS 


Chemicals .  All  inorganic  chemicals  were  reagent  grade.  Phenylmercuric 
acetate  (PMA),  methyl  mercuric  chloride  (MeHgCl)  and  HgCl„  were  obtained 
from  Pfaltz  and  Bauer,  Inc.,  N.  Y.  Stock  solutions  of  prgano  mercury  in 
ethanol  or  HgCl„  in  water  were  made  fresh  before  use.  Hg  labeled  PMA 

in  0.01  M  acetic  acid  was  purchased  from  New  England  Nuclear  Corp. 

Growth  of  Bacteria.  A  basal  medium  for  the  growth  of  mercury  resistant 
bacteria  isolated  from  Chesapeake  Bay  consisted  of  2.0  gm  of  glucose,  5.0 
gm  of  Dlfco  (Difco  Laboratories,  Detroit,  Michigan)  casamino  acids,  and  1.0 
gm  of  Difco  yeast  extract  per  liter  of  "three  salts  solution"  containing 
10.0  gm  NaCl,  2.26  gm  MgCl„  .  6  H2°  and  0.3  gm  KC1.  The  broth  was  adjusted 

to  pH  7.3  and  autoclaved  at  121  C  for  15  min.  A  solid  medium  for  enumera¬ 
tion  of  bacteria  and  stock  culture  maintenance  was  prepared  by  adding  20.0 
gm  of  Difco  agar  per  liter  of  broth.  Mercury  agar  was  prepared  by  adding 
1000-fold  concentrated  solutions  of  PMA  or  HgCl?  to  3terile,  molten  agar  and 
by  spreading  plates  of  solidified  agar  with  MeHgCl.  Plate3  were  Incubated 
in  darkness  at  25  C  and  liquid  cultures  were  Incubated  in  darkness  at  20  C 
in  flasks  with  aeration.  Growth  in  broth  was  monitored  turbldimetrically 
with  a  Klett  Sommerson  Colorimeter. 

Inocula  of  Pseudomonas  244  for  PMA  metabolism  experiments  were  pre¬ 
pared  by  transfer  from  stock  cultures  on  PMA-containlng  slants  to  broth  con¬ 
taining  6  ppm  PMA  and  Incubating  for  24  hours  at  25  C.  Quantities  of  PMA- 
lnduced  cells  for  resting  cell  studies  were  prepared  by  inoculating  the 
24  h.  broth  cultures  into  6  ppm  PMA  containing  broth  at  the  rate  of  20 
ml/100  ml  fresh  broth  and  incubating  for  1  h.  The  culture  was  then  chilled, 
and  the  cells  were  centrifuged  out  of  the  broth,  washed  two  times  with 
chilled  three  salts  solution,  and  stored  chilled  as  a  suspension  in  three  ' 
sal'.J  solution  until  used. 

Radioisotope  Experiments .  Sufficient  aqueous  20^Hg-labeled  PMA  was  added 
to  three  salts  or  broth  to  give  a  final  concentration  of  6.08  ppm.  Samples 
of  0.1  ml  were  removed  for  assay  cf  radioactivity  by  direct  addition  to  10 
ml  of  scintillation  cocktail  consisting  of  napthalene,  8.23$;  PPO,  1.02$; 
and  POPOP,  0.051#  in  a  solution  of  toluene,  1,4  dioxane,  and  ethylene 
glycol  monoethyl  ether  (1:3=3).  Cell  bound  activity  was  accessed  by 
rapidly  filtering  1.0  ml  of  suspension  through  a  0.45  micron  pore  size  mem¬ 
brane  filter  (Milllpore  Filter  Corp.,  Bedford,  Mass.)  and  washing  with  two 
1.0  ml  volumes  of  three  salts  solution  held  at  room  temperature.  For 
resting  cell  experiments,  labeled  PMA  was  added  to  pH  7.0  buffered  three 


^^The  numbers  in  parentheses  refer  to  the  list  of  references  at  the  end  of 
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salts  containing  cells  in  a  total  volume  10  ml  5  min.  after  the  start  of 
incubation.  Incubation  was  at  25 C  with  aeration  provided  by  a  magnetic 
stirrer.  A  cell  density  of  approximately  0.1  mg  dry  wt.  of  freshly  grown 
cells/ml  was  used  in  all  such  experiments.  The  efficiency  of  liquid 
scintillation  counting  was  routinely  determined  by  the  channels  ratio  method. 

RESULTS  AND  DISCUSSION 


Properties  of  Mercury  Resistant  Isolates.  Pure  bacterial  cultures  for 
study  were  obtained  from  routine  platings  of  samples  of  water  and  sediment 
on  a  solid  growth  medium  containing  6  ppm  of  HgClp.  Two  hundred  forty-nine 
freshly  isolated  cultures  were  tested  for  resistance  to  a  series  of  types 
and  concentrations  of  mercury  compounds  by  replica  plating.  The  results 
(Table  1)  indicate  that  the  acquisition  of  resistance  to  a  3ingle  mercury 
compound  may  confer  resistance  to  mercury-containing  compounds  in  general. 

Resistance  to  mercury  was  found  to  decrease  in  cultures  after  several 
transfers  in  mercury  free  media.  To  investigate  resistance  as  an  adaptive 
phenomenon,  thirty  of  the  most  resistant  cultures  were  grown  in  the  presence 
and  absence  of  mercury  compounds  and  then  tested  for  resistance.  The 
results  are  summarized  in  Table  2.  Growth  in  the  presence  of  mercury 
clearly  enhanced  the  resistance  of  most  of  the  cultures. 

A  single  culture,  Pseudomonas  244,  was  selected  for  further  investiga¬ 
tion  on  the  basis  of  lt3  resemblance  to  the  most  commonly  isolated  group  of 
mercury  resistant  bacteria  (10)  .  It  produces  a  green  fluorescent  pigment, 
which  facilitated  Identification  and  does  not  produce  H2S  from  organic  or 
inorganic  sulfur  containing  compounds.  When  grown  in  the  absence  of  PMA, 
the  organism  was  found  to  be  capable  of  growth  on  agar  medium  containing  3 
ppm,  but  not  24  ppm  PMA.  However,  after  growth  in  a  liquid  medium  con¬ 
taining  6  ppm  PMA,  the  organism  grew  on  24  ppm  PMA  agar.  Figure  1  shows 
the  comparative  kinetics  of  the  gain  and  loss  of  resistance  to  24  ppm  of 
PMA.  A  culture  previously  grown  in  6  ppm  of  PMA  medium  wa3  Inoculated  into 
media  with  and  without  6  ppm  PMA  which  were  then  incubated  with  aeration. 
Cells  resistant  to  24  ppm  PMA  Increased  200-fold  in  PMA-containlng  broth 
and  decreased  30-fold  in  the  PMA-free  broth.  In  either  case  there  was  a 
reproducible  transient  peak  in  resistance  prior  to  onset  of  growth.  The 
experiment  was  repeated  with  5  ppm  HgCl2  replacing  PMA  in  the  mercury-con¬ 
taining  flask.  Transient  peaks  of  24  ppm  PMA  resistance  were  observed,  but, 
in  contrast,  both  cultures  showed  a  net  decrease  in  resistance  to  PMA  during 
the  same  period.  These  results  and  the  observations  of  other  investigators 
suggest  that  resistance  to  PMA  and  other  mercury  compounds  is  an  inducible 
response  to  mercury  exposure  (8)*. 

When  compared  with  growing  cells,  buffer  suspensions  of  non-prolifer¬ 
ating  cells  were  Induced  after  a  longer  period  of  time  and  were  able  to 
maintain  their  level  of  resistance  to  24  ppm  PMA  for  at  least  10  h.  in  the 
absence  of  Inducers. 

PMA  Metabolism.  To  ascertain  the  fate  of  PMA  in  PMA-resistant  cultures, 
the  above  experiment  was  repeated  using  Pseudomonas  244  grown  in 
203Hg-labeled  PMA  media.  Duplicate  flasks,  with  and  without  inoculation, 
were  assayed  for  cell  bound  and  total  radioactivity  at  hourly  intervals 
(Fig.  2).  Samples  of  culture  were  acidified  to  pH  1  with  concentrated  HC1 
and  extracted  with  benzene.  The  extracts  were  chromatographed  on  silica 
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gel  0,  developed  with  petroleum  ether:  diethyl  ether  (70:30)  (U ) 1 ,  and 
analyzed  by  autoradiography.  During  the  lag  In  growth.  In  which  resistance 
to  24  ppm  PMA  Increased  (Pig.  1),  a  net  loss  of  39#  of  the  label  from  the 
suspension  and  an  accumulation  of  4#  of  the  label  In  the  cells  occurred. 
Benzene -extractable  PMA  correspondingly  decreased  with  no  new  labeled  com¬ 
pounds  appearing.  The  uninoculated  control  flask  showed  no  significant 
decreases  In  activity  during  the  experimental  time  period.  Direct  analysis 
of  the  vapor  phase  has  shown  that  the  mercury  lost  from  the  medium  is,  at 
least  in  part,  in  the  elemental  state  (W.  Iverson  and  P.  Brinckman, 
personal  communication).  The  concomitant  production  of  benzene  and  mercury 
from  PMA  by  a  Pseudomonas  species  from  soil  has  been  reported  (5)1.  However, 
we  have  not  been  able  to  detect  benzene  in  the  vapor  phase.  When  203ng- 
labeled  cells  were  subsequently  placed  in  PMA-free  broth,  further  loss  of 
label  occurred. 


The  site  of  PMA  binding  was  Investigated  using  log  phase  cells  of 
Pseudomonas  244  labeled  for  2/3  of  a  generation  time.  The  activities  of 
crude  sub-cellular  fractions  obtained  by  differential  centrifugation  were 
assayed  after  breakage  using  a  French  Pressure  Cell.  Approximately  78#  of 
the  activity  in  the  cell  free  extract  was  recoverable  in  a  particulate 
fraction  sedimenting  at  127,000  X  g  in  1  h.  A  fraction  sedimentable  at 
35»000  X  g  in  15  min.,  bound  nearly  85#  of  the  127,000  X  g  pellet  activity 
and  was  enriched  in  cell  wall  material.  The  latter  contained  relatively 
little  NADH  oxidase,  but  most  of  the  2-Keto-3  deoxyoctulosonic  acid  (KDO), 
a  cell  wall  specific  sugar. 

The  mechanism  of  PMA  resistance  most  likely  involves  the  uptake  of 
PMA  followed  by  induction  of  the  enzyme (s)  necessary  for  mercury  reduction. 
Bound  inducer  is  lost  from  growing  cells,  and  in  the  absence  of  a  source 
for  replenishment,  the  levels  of  enzymes  decrease. 

Reductive  decomposition  of  mercury  compounds  by  species  of  Pseudomonas 
(5)1  and  strains  of  Escherichia  coll  (6,7)1  have  been  reported.  5 
spectrum  of  mercury  resistant  bacterial  genera  isolated  from  the  Bay  were 
tested  for  ability  to  decompose  PMA,  using  a  radio-assay  (Table  3).  Each 
culture  was  grown  in  0.3  ppm  PMA  broth,  washed  and  inoculated  into  a 
buffered  three  salts  solution  as  described.  The  results,  though  qualitative, 
indicate  that  PMA  metabolic  ability  may  occur  in  a  number  of  genera. 

Several  of  the  species  tested  did  not  volatilize  significant  quantities  of 
Hg.  Resistance  of  these  cultures  may  arise  from  an  unsuspected  pathway  of 
mercury  metabolism  or  the  induced  or  fortuitous  production  of  sulfhydryl 
compounds  resulting  in  mercury  mercaptide  formation. 

PMA  Metabolism  by  Resting  Cells.  The  study  of  PMA  metabolism  was  simplified 
by  using  non-proliferating  cells  of  Pseudomonas  244  in  aerated,  pH  7.0 
buffered  three  salts  solution.  Volatilization  of  Hg  label  also  occurred 
under  these  conditions  in  a  reaction  which  is  dependent  upon  cell  concentra¬ 
tion.  A  standard  cell  density  of  ca.  0.1  mg  dry  weight/ml  was  used  which 
was  in  the  range  of  cell  densities  directly  proportional  to  activity.  This 
concentration  of  cells  typically  evolved  90#  of  the  label  within  2  h.  at 
25  C  in  an  aerated  system. 

The  comparative  kinetics  of  PMA  metabolism  and  uptake  by  induced  and 
non-lnduced  cells  is  presented  in  Fig.  3.  The  cells  were  incubated  in 
broth  with  and  without  6  ppm  of  PMA  to  the  same  stage  of  growth  and  inocu¬ 
lated  in  equal  amounts  into  buffered  three  salts  containing  6.08  ppm  of 
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labeled  PMA.  In  both  cultures  there  was  a  rapid  uptake  of  PMA  occurring 
within  minutes  of  the  addition  of  PMA.  Label  was  lost  from  the  induced 
culture  at  a  rate  which  was  uniformly  linear  for  the  first  10  min.  Aeration 
of  the  mixture  wa3  necessary  both  for  uniform  sampling  and  for  maximization 
of  the  rate  of  reaction.  A  culture  correspondingly  Incubated  without  aera¬ 
tion  evolves  label  at  only  22$  of  the  initial  rate  of  the  former.  The 
noninduced  culture  did  not  evolve  detectable  amounts  of  label  but  accumul¬ 
ated  considerably  more  label  than  the  adapted  culture.  Increased  net 
binding,  presumably  related  to  the  inability  of  the  cells  to  metabolize  PMA, 
was  also  observed  subsequently  when  metabollcally-poisoned  or,  otherwise, 
non-metabollzlng  cells  were  used.  Thus,  PMA  resistance  and  metabolism  were 
found  to  be  related  and  are  presumably  inducible  phenomena.  Preliminary 
experiments  using  the  above  experimental  protocol  indicate  that  the  pH 
optimum  at  25  C  is  between  6.0  and  7.0,  and  the  Km  and  V  max  at  pH  7.0  and 
25  C  are  approximately  7.0  ppm  and  5  wg/mln/mg  dry  wt.  of  cells,  respec¬ 
tively. 

Effect  of  Salts  and  Inhibitors  on  PMA  Metabolism.  Chesapeake  Bay  is  a 
dynamic  habitat  In  which  extensive  seasonal  fluctuations  in  salinity  occur. 
The  effect  of  3allr.ity  upon  PMA  metabolism  by  Pseudomonas  244  was  tested  by 
varying  the  total  concentration  of  salts  in  the  three  salts  solution  con¬ 
taining  MaCl,  Mg Cl 2  and  KC1 .  Cells  placed  in  three  salts  (33$  sea  water 
strength)  buffered  with  0.01  M  trls  (hydroxymethyl)  aminomethane  (TRIS)- 
hydrochloride  (pH  7.0)  were  as  active  as  those  in  a  salts  solution  at  82$ 
of  the  strength  of  sea  water  (Table  4).  However,  when  a  solution  8.2$  the 
strength  of  3ea  water  was  used,  the  cells  were  inactive.  The  inhibition 
was  partially  due  to  decreased  salt  concentration  and  to  TRIS  buffer,  for 
3.2$  salts  gave  partial  activity  in  the  absence  of  TRIS.  When  0.01  M  phos¬ 
phate  buffered  (pH  7.0)  solutions  of  NaCl,  MgCl2  and  KC1  of  equal  ionic 
strength  were  tested,  it  was  found  that  Mg^+  ion,  alone,  satisfied  the 
ionic  requirement  for  activity.  In  phosphate  buffered  suspensions,  concen¬ 
trations  of  Mg2+  below  approximately  10  mM  resulted  in  decreased  activity, 
and  a  minimum  of  between  0,11  and  1.2  mM  was  necessary  for  detectable 
activity.  Similarly,  a  Mg^+  requirement  has  been  demonstrated  for  the 
volatilization  of  mercury  from  HgCl2  by  cell-free  extracts  of  a  mercury 
resistant  strain  of  Escherichia  coll  (8)1.  We  have  observed  that  disruption 
of  our  cells  with  a  French  Pressure  Cell  destroys  activity  immediately,  even 
in  the  presence  of  various  sulfhydroxyl  protective  agents.  This  observation 
and  the  Mg2+  requirement  are  symptomatic  of  a  structural  requirement  for 
mercury  reduction.  The  distribution  of  bound  mercury  suggests  that  mercury 
attaches  to  the  cell  envelope.  It  is  now  necessary  to  compare  the  cellular 
structures  of  Induced  and  non-induced  cultures  to  prove  the  existence  of  a 
specific  mercury  metabolizing  component.  However,  preliminary  investigation 
of  the  gross  extractable  lipid  composition  and  the  morphology  in  thin  sec¬ 
tions  has  evidenced  no  differences  in  this  strain  (Wan,  Nelson,  Colwell, 
Unpublished  Data). 

Several  inhibitors  of  oxidative  phosphorylation  were  also  tested  in  the 
system  to  3ee  If  active  transport  is  essential  for  the  metabolism  of  PMA 
(Table  4).  Potassium  cyanide  caused  a  considerable  inhibition  of  the 
ititial  rate,  but  none  of  the  inhibitors  caused  more  than  a  30$  net  decrease 
in  PMA  metabolized  after  30  min.  However,  the  partial  inhibitions  may  have 
resulted  from  formation  of  complexes  of  phenyl  mercuric  Ions  with  the 
inhibitors.  Cells  tested  with  sodium  arsenate  and  sodium  azide  bound  con¬ 
siderably  more  label  than  the  control,  but  the  cyanide  treated  cells  bound 
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less.  In  conclusion,  from  these  results  and  the  observed  kinetics  of 
metabolism  and  distribution  of  binding,  we  believe  that  PMA  metabolism  takes 
place  on  or  near  the  surface  structure  of  Pseudomonas  244. 

The  results  of  the  studies  reported  here  and  elsewhere  (10)^  indicate 
clearly  that  the  bacteria  found  in  the  water  and  sediments  of  Chesapeake 
Bay  are  capable  of  metabolizing  mercury  and  mercury  compounds.  In  situ 
experiments  are  in  progress  to  determine  whether  the  processes  observed  to 
occur  in  the  laboratory  situation  operate  in  nature. 
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Cl 

Percent  of  Cultures  Resistant 

i 

i  “  D  U  uUIUpvllUlU 

„  b 

Group 

24 

PMA 

15 

PMA 

3 

PMA 

3 

MeHgCl 

100 

HgCl2 

50 

HgClg 

1 

> 

24  ppm  PMA 

_ 

_  _ 

_  _ 

27.9 

36.4 

9.4 

15  ppm  PMA 

— 

— 

— 

90.8 

63.6 

20.8 

3  ppm  MeHgCl 

85.8 

89.6 

6.1 

— 

100.0 

29.2 

100  ppm 

HgCl2 

28.6 

24.1 

0.0 

25.6 

“  “ 

“  “ 

Each  compound  was 

i  incorporated  into  a  solid  growth  medium.  See  Materials 

j 

and  Methods. 

^Each  culture  was 

classified  according  to  the  maximum  amount  of  mercury 

tolerated  (ppm). 

[ 

f 

[ 

k 

I 

TABLE  2. 

- 

! 

I 

! 

Adaptation  to 

Mercury  Resistance3, 

1 

| 

TEST 

MEDIUM 


Before  Growth  in  Ha 


Medium 
grown  in 


%  cultures 
resistant 


After  Growth  In 


Medium 
grown  in 


%  cultures 
resistant 


3  ppm  MeHgCl 
24  ppm  PM A 


Control 


100  ppm  HgCl 

ii  ii  n 

50  " 

3  ppm  PMA 


1Total  number  of  cultures  tested  -  30 
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TABLE  3. 

Survey  of  PMA  Metabolism  by 
Mercury  Resistant  Cultures 


Culture 

Percent  radioactivity  remaining1* 

1  Hour*3 

4  days0 

Pseudomonas  244j? 

52.0 

45.0 

Pseudomonas  100? 

90.4 

80.2 

Pseudomonas  127a 

82.6 

63.4 

Bacillus'  72 

95.8 

67.0 

Achromobacter  187 

94.8 

92.1 

Alcaligenes  94 

88.3 

78.0 

Arizona  132 

94.6 

69.6 

Enterobacter  85 

92.8 

90.3 

Vibrio'  21 - 

98.2 

92.9 

Flavobacterlum  119 

42.7 

45.9 

Approximately  equal  quantities  of  cells  were  added  to  pH  7.0-buffered 
three  salts  solution  containing  0.4  ppm  PMA  (5.75  x  10*  cpm/microgram) 
and  incubated  at  25  C. 


bWith  aeration. 


Stationary . 

d Pseudomonas  strains  244,  100  and  127  “  types  I,  III  and  IV, 


TABLE  4. 

Effects  of  Salts  and  Inhibitors  on 
PMA  Metabolism  by  Pseudomonas  244 


respectively 


Experimental  Condition 

PMA  Metabolized  (Percent  of  Controla’ 

Initial  Rate 

Net/30  min 

82. 0#  sea  water,  Trls  buffer 

99.3 

_  «» 

8.2#  sea  water,  Trls  buffer 

15.0 

— 

8.2#  sea  water,  no  buffer 

56.1 

-- 

Trls  buffer,  alone  . 

5.6 

-- 

NaCl,  phosphate  buffer? 

26.1 

— 

KC1,  phosphate  buffer  ■ 

0.0 

-- 

MgCl2,  phosphate  buffer0 

0.01M  KCN° 

99.3 

56.6 

74.~2 

0.02M  NaN3c 

100.0 

82.4 

0.01M  Na2HAs04«7  H20c 

72.0 

73.5 

a0.01M  buffered- "three  salts"  (pH  7.0)  containing  6  ppm  PMA  and  approx.  0.1 
.  gm  dry  weight  of  cells/ml,  aerated  at  25  C. 

^Concentration  equivalent  to  total  ionic  strength  of  "three  salts"  solution, 
inhibitors  Incubated  with  cells  5  min.  before  reaction  started  in  phos¬ 
phate-buffered  three  salts. 


1The  numbers  in  parentheses  refer  to  the  list  of  references  at  the  end  of 
this  paper. 
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Induction  of  resistance  to  PMA  by  Pseudomonas  244.  Broth  with  (triangles) 
and  without  (circles)  6  ppm  of  PMA  was  inoculated  with  cells.  Growth  was 
measured  turbldlmetrically  (open  symbols),  and  numbers  of  cells  resistant 
to  24  ppm  of  PMA/ml  were  determined  (closed  symbols). 

i 
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FIGURE  2. 


Uptake  and  metabolism  of  PMA  by  Pseudomonas  k'44.  Cells  were  added  to  broth 
containing  6.08  ppm  of  radiolabeled  PMA  after  5  min.  prelncubatlon. 
Radioactivity  In  0.1  ml  of  cell  suspension  (a)  and  In  1.0  ml  of  cell  sus¬ 
pension  collected  on  a  membrane  filter  (o)  were  determined.  0.1  ml  samples 
of  uninoculated  broth  (□)  were  also  analyzed.  Growth  was  measured  turbldi- 
mentrically  (•). 
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FIGURE  3. 


Uptake  and  metabolism  of  PMA  by  induced  and  non-induced  resting  cells  of 
Pseudomonas  244.  The  reaction  was  begun  when  cells  were  added  to  the 
buffered  iPl“lA-salts  mixture  (arrow).  0.1/ml  samples  of  cell  suspension 
were  taken  at  the  Indicated  times. 


Discussion 

R.  F.  Acker  asked  if  the  formation  of  filamentous  colonies  or  fila¬ 
mentous  cells  had  been  observed  as  a  result  of  interference  with  cell 
division.  J.  D.  Nelson  replied  that  such  formations  had  been  looked  for 
but  not  seen.  There  are  reports  in  the  literature  of  nickel  interfering 
with  cell  division,  but  the  authors  had  not  observed  this. 
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The  Role  of  Cellulolytic  Bacteria  in  the  Digestive 
Processes  of  the  Shipworm 


Fred  A.  Rosenberg  and  Joanne  Cutter 

Biology  Department 
Northeastern  University 
Boston,  Massachusetts  02115 


Cellulolytic  bacteria  were  isolated  from  the  digestive  systems  of  a  number  of  species 
of  teredlne  borers.  Subsequent  investigations,  using  Teredo  navalls,  indicated  the  existence 
and  functioning  of  two  independent  celluiase  systems  in  the  digestive  caecum  of  the  borer; 
an  endogenous  caecal  celluiase,  and  a  bacterial  celluiase.  These  cellulases  differ  in 
several  important  physical-chemical  properties,  notably  reaction  rates  and  substrate 
specificity.  Markedly  enhanced  cellulose  degradation  in  the  presence  of  caecal  isolated 
cellulolyiic  bacteria  was  shown;  and,  the  requirement  for  bacterial  celluiase  in  the  digestive 
processes  of  Teredo  navalls  was  established.  The  data  presented  suggests  that  the  bacterial 
celluiase  is  the  dominating  factor  in  cellulose  decomposition  and  utilization  by  the  borer. 

A  new  concept  for  the  mechanism  of  cellulose  degradation  and  utilization  by  the  borer  is 
outlined;  and  two  models  for  the  cooperative  action  of  microbial  and  endogenous  cellulases  have 
been  proposed. 

Key  Words:  Teredlnids,  cellulolytic  bacteria,  bacterial  celluiase,  borer  digestion. 


In  the  past  50  years,  a  considerable  body  of  evidence  has  been  put  forth  in  support  of 
the  presence  of  cellulases  in  a  number  of  higher  mollusc  species.  The  Teredlnids,  a  family 
of  marine  wood  boring  molluscs,  frequently  called  shipworms,  of  which  Teredo  and  Bankla  are 
most  commonly  known,  are  of  particular  interest.  The  Teredlnids  are  exclusively  wood 
boring.  Some  animals  bore  into  wood  for  protection  only,  but  the  shipworms  digest  and 
metabolize  the  cellulose  of  the  wood  into  which  they  bore,  exploiting  it  as  a  major  source 
of  nourishment. 

Numerous  investigators  (1  through  11)  have  attempted  to  elucidate  the  "cellulolytic 
factor"  responsible  for  the  ability  of  these  molluscs  to  utilize  wood  as  their  primary 
food  source. 

It  has  been  generally  accepted  that  endogenously  produced  celluiase,  within  the  tissues 
of  the  digestive  tract,  afforded  these  molluscs  the  ability  to  degrade  wood  and  utilize  the 
cellulose  as  a  nutrient  source.  However,  evidence  has  been  accumulating,  which  indicates  that 
the  presence  of  gut  associated  symbiotic  bacteria  could  be  an  important  factor  (12,  5,6,13,14, 
15).  Consequently,  the  question  of  whether  teredlne  borers  or  associated  bacteria  produce 
the  celluiase  responsible  for  the  utilization  of  wood  by  the  borer  has  been  subjected  to 
considerable  ii.vestigation. 

Additionally,  the  possibility  exists  that  cellulases  produced  by  both  the  borer  and  the 
gut  associated  bacteria  act  in  the  degradation  of  cellulose. 

The  purpose  of  this  investigation  was  to  compare  the  activity  of  the  two  celluiase 
systems  functioning  in  the  digestive  caecum  of  the  borer;  and  to  further  enumerate  some  of 
the  properties  of  the  two  cellulases,  and  their  methods  of  isolation  (16). 

The  idea  that  microorganisms  could  play  a  significant  role  in  molluscan  digestion  has 
arisen  comparatively  recently  and  has  yet  to  be  comprehensively  treated  in  the  literature. 

Boynton  and  Miller  (2)  were  the  first  to  consider  the  possibility  of  cellulose  digestion 
by  symbiotic  bacteria.  However,  they  dismissed  the  possibility  as  they  saw  no  evidence  of 
bacterial  action  in  incubation  tubes,  and  culturing  attempts  on  extracts  provided  negative 
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results,  Greenfield  and  Lane  (4)  also  considered  the  possibility  of  symbiosis,  but  could  not 
culture  cellulolytic  bacteria  from  fresh  tissue  homogenates.  Liu  and  Townsley  (10)  also 
minimized  the  possibility  of  symbiosis  because  microflora  could  not  be  observed  in  the 
contents  of  the  caecum  using  phase  contrast  microscopy  at  980  magnifications. 

Saito  and  Hidaka  (13)  compared  cellulases  obtained  from  Isolated  bacteria  with  those 
obtained  from  the  "liver"  of  Teredo  navalls.  They  found  that  cellulose-decomposing  bacteria 
in  the  intestinal  Tact  0f  teredo  naval  is  aid  the  digestive  process  by  partially  digesting 
the  cellulose. 


Kadota  (141  has  rev- .wed  work  by  a  number  of  investigators  concerning  the  association 
of  cellulose-decomposing  bacteria  with  the  teredinids.  Cellulolytic  bacteria  from  the 
digestive  organs  of  Teredo  navalls  have  been  successfully  cultured  in  mineral  salts  media. 
Cellulase  from  the  bacteria  was  compared  with  cellulase  from  extracts  of  the  digestive 
diverticula  of  Teredo  navalls.  Both  were  found  to  decompose  regenerated  cellulose  more 
easily  than  native  cellulose;  wood  preparations  were  attacked  in  proportion  to  the  degree 
of  dellgnification. 

The  objectives  of  the  present  investigation  were  as  follows:  (a)  to  determine  the 
presence  of  cellulolytic  bacteria  in  the  digestive  system  of  teredinids;  (b)  to  establish  a 
bacteriological  method  for  che  enrichment,  cultivation  and  isolation  of  cellulolytic  bacteria 
from  the  digestive  organs  of  Teredo;  (c)  to  compare  methodologies  for  evaluating  the  presence 
of  cellulolytic  activity  in  either  homogenates,  or  gut  associated  bacteria,  and  to  report  a 
biochemical  method  for  accurately  assessing  the  degradation  of  cellulose  by  either  bacterial 
or  endogenous  enzymes;  (d)  to  elucidate  the  role  of  cellulolytic  bacteria  in  the  digestive 
process  of  the  Teredo;  (e)  to  evaluate  the  contribution  of  these  bacteria  to  the  cellulose 
digesting  ability  of  the  Teredo;  (f)  to  evaluate  the  significance  of  bacterial  cellulase 
activity  -elative  to  that  of  the  reported  endogenous  cellulase;  fg)  to  delineate  the  source(s) 
of  the  cellulase(sl  reported  to  be  present  in  the  Teredo;  and  (h)  to  propose  a  functional 
model  of  the  mechanism  by  which  cellulose  is  degraded  within  the  digestive  system  of  the 
Teredo. 

Rosenberg  and  Breiter  (15)  initially  investigated  the  occurrence  and  distribution  of 
cellulolytic  microorganisms  in  the  digestive  system  of  teredlne  borers  of  the  species 
Lyrodus  massa  (Lamyl ,  Nototeredo  knoxl  (Bartsch) ,  Teredo  furcifera  (von  Martens)  and 
Teredo  malleolus  (Turtonl .  Live  borers  were  dissected  out  of  pine  boards  immersed  for 
varying  periods  of  time  in  several  areas.  The  stomach,  intestine  and  caecum  of  the  animals 
was  removed,  rinsed  gently  in  95*  ethyl  alcohol,  and  the  individual  organs  placed  into  test 
tubes  containing  a  sterile  minimal  salts  medium  of  the  following  composition: 


kno3 

k2hpo4 

CaC  1 2 

Fed  2 

Artificial  sea  water 


1.0  g 
1.0  g 
0.1  g 
trace 

1000  ml  (175 


Rectangular  pieces  of  sterilized  Whatman  No.  1  filter  paper  were  placed  into  each  tube  to 
serve  as  the  sole  carbon  source.  The  organs  were  then  gently  macerated  with  a  sterile 
pipette,  and  the  tubes  incubated  in  running  sea  water  of  the  same  temperature  as  that  from 
which  the  borers  were  isolated.  Crystalline  styles  were  not  incorporated  in  the  studies 
since  there  appears  to  be  some  evidence  of  their  bacteriolytic  activity  (18).  Browning 
and  eventual  shredding  of  the  filter  paper  at  the  air-water  Interphase  indicated  degradation 
of  the  cellulose  fibers.  Loopsful  of  the  media  were  gently  scraped  along  the  surface  of  the 
decomposing  filter  paper  and  transferred  to  plates  of  Bacto-Marine  Agar  2216  E  (Dlfco). 

These  were  incubated  at  28-30°C.  Isolates  were  streaked  onto  Marine  Agar  slants  prior  to 
identification. 


Finally,  all  organisms  were  streaked  onto  cellulose  agar  plates,  as  well  as  cellulose 
agar  ro  which  either  17  cellobiose  or  17.  glucose  had  been  added.  The  composition  of  the 
cellulose  agar  was  as  follows: 

NaNCL  .  0."  g 

K2IIPO4 .  1.0  g 
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MgS04’7H20  .  0.5  g 

FeS04-7H20  .  0.01  g 

Powdered  cellulose  (Sigma)  .  6.0  g 

Bacto-Agar  .  8.0  g 

Lyman  and  Fleming  sea  water  . .  1000  ml 


These  plates  were  periodically  examined  for  cellulolytic  activity,  as  evidenced  by 
liquefaction  or  weathering  of  the  medium.  Duplicate  plates  were  Inoculated  without  cellulose 
to  determine  whether  agarolytic  bacteria  were  responsible  for  liquefaction.  No  liquefaction 
occured  In  the  absence  of  cellulose.  Isolates  were  Incubated  at  28-30°C. 

Fifteen  microorganisms,  capable  of  utilizing  and  digesting  filter  paper  as  a  sole  carbon 
source  were  isolated  from  the  Intestinal  tract  of  teredine  wood  borers  and  from  associated 
marine  waters.  With  the  exception  of  one  Isolate,  all  organisms  demonstrated  cellulose 
degradation  within  six  weeks  on  cellulose  agar.  Four  isolates  obtained  from  two  different 
genera  of  borers  as  well  as  from  the  associated  waters  exhibit  similar  characteristics  and 
appear  to  belong  to  the  genus  Cellulomonas. 

The  Information  that  the  gut  of  Teredo  is  inhabited  by  cellulolytic  bacteria  was  indeed 
gratifying,  but  merely  the  knowledge  that  they  are  present  Is  insufficient  evidence  for  draw¬ 
ing  conclusions  as  to  their  importance  or  relative  contribution  to  their  host's  digestive 
processes.  It  Is  necessary  to  demonstrate  the  dependence  of  the  host  on  the  bacterial  popu¬ 
lation  for  Its  utilization  of  cellulose,  and  consequently,  its  survival. 

Subsequent  studies  were  performed  using  borers  dissected  out  of  wood  collected  in  Great 
Bay,  New  Hampshire  and  from  Nova  Scotia.  Presently  we  are  working  with  Bank la  setacea 
obtained  from  Monterey,  California,  and  Vancouver,  B.C.  Preliminary  experiments  show  the 
presence  of  cellulolytic  organisms  In  caecal  extracts  of  the  Bankla. 

Several  isolation  techniques  were  employed:  (a)  individual  organs  were  placed  into 
test  tubes  containing  sterile  mineral  salts  medium  and  a  rectangular  piece  of  Whatman  #1 
filter  paper  as  the  sole  carbon  source;  (b)  individual  organs  were  placed  Into  test  tubes 
containing  0.67.  micro-crystalline  cellulose  broth.  Graying  and  eventual  blackening  of  the 
media  was  Indicative  of  cellulose  degradation,  (c)  Several  organs  were  homogenized  In  sterile 
Lyman  and  Fleming's  artificial  sea  water  (17),  and  the  homogenate  was  streaked  directly  onto 
cellulose  agar  plates  (15)  modified  In  that  they  contained  micro-crystalline  cellulose  and 
17  Bacto-agar.  All  cultures  were  Incubated  at  25°C,  as  this  temperature  was  found  to  promote 
optimum  growth. 

Preparation  of  the  crude  caecal  homogenate  and  cellulase  extract  was  done  as  follows. 
Caeca  were  excised  frcxn  borers.  Removal  of  the  caeca  was  carried  out  in  107.  ethyl  alcohol 
to  avoid  contamination  from  bacteria  normally  found  In  sea  water.  The  caecal  contents 
were  removed  by  gentle  squeezing,  and  the  tissue  rinsed  serially  In  alcohol  of  decreasing 
strengths  to  (a)  remove  contaminating  surface  bacteria,  and  (b)  to  eliminate  residual  caecal 
flora. 

The  collected  sterile  tissue  was  homogenized  In  307  alcoholic  phosphate  buffer  (4). 

The  homogenate  was  refrigerated  24-48  hours  to  allow  autolysis  to  occur.  A  por*<pn  of  the 
homogenate  was  brought  to  a  total  volume  of  100  ml  by  the  addition  of  buffer  and  Mlllipore- 
filtered,  using  a  0.45  u  filter,  to  collect  the  crude  cellulase  extract.  To  ensure  sterility 
of  the  extract  the  filtrate  was  again  filtered  using  a  0.22  u  filter.  Crude  bacterial 
cellulase  extract  was  prepared  as  follows.  Cells  were  collected  and  washed  in  deionized 
water.  Washed  cells  were  suspended  In  5  ml  portions  of  deionized  water  and  were  fractionated 
by  Bonification  at  20,000  kc/sec  for  30  si:.  The  sonified  cells  were  washed  In  deionized 
water  and  successively  filtered  through  0.45  u  and  0.22  u  filters. 

Cellulase  activity  In  normal  and  heat  inactivated  samples  of  homogenate  and  extract 
was  determined  by  measuring  the  production  of  reducing  sugar.  Reaction  mixtures  contained 
cellulose  solution  and  the  sample  fraction  being  tested  in  a  ratio  of  10:1.  All  flasks 
were  Incubated  at  25°C  for  one  week.  Reducing  sugar  was  determined  daily  using  the  Folin- 
Malmros  method  (19).  The  change  in  total  carbohydrate  content  was  determined  for  the  same 
time  period  using  the  Anthrone  method  (20).  The  presence  of  active  cellulase  In  the  bacterial 
extract  was  similarly  determined. 
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The  optimum  pH  values  for  the  crude  cellulate  preparations  were  compared  to  that  of  a 
commercial  cellulate  for  a  pH  range  from  3. 1-8.1.  Samples  were  diluted  to  a  suitable  con¬ 
centration  with  Mcllavlne's  buffer  at  various  pH  values  (21).  Dilutions  were  Incubated  In 
an  equal  volume  of  cellulose  solution  for  3  hours  at  2S°C.  Reducing  sugar  was  determined 
using  the  Folln-Malraros  method  (19). 

To  determine  thermostability,  reaction  flasks  of  each  enzyme  were  incubated  at  tempera¬ 
tures  of  3,18,25,37  and  45°C  for  18  hours.  Samples  were  diluted  with  Mcllavlne's  buffer, 
adjusted  to  the  optimum  pH  for  the  particular  cellulaae  and  incubated  with  an  equal  volume 
of  cellulose  solution  for  5  hours  at  25°C.  The  remaining  cellulase  activities  were  determined 
by  the  Somogyl -Nelson  method  (22,23). 

The  saccharifying  activity  was  determined  for  both  crude  preparations.  Reaction  mixtures 
contained  cellulose  substrate  and  the  enzyme  fraction  In  equal  volume.  Mcllavlne's  buffer, 
at  a  pH  optimal  for  the  activity  of  the  respective  cellulase,  was  added  In  a  volume  equal 
to  the  total  volume  of  the  reaction  mixture.  Reaction  mixtures  were  incubated  at  25°C  for 
four  days.  Saccharifying  activity  was  determined  at  12  hour  Intervals  by  measuring  Increases 
in  glucose  production. 

To  Identify  the  relative  specificities  of  the  two  crude  cellulases,  their  hydrolytic 
activity  was  determined  and  compared  to  that  of  957.  H2SO4.  Reaction  mixtures  contained  an 
equal  volume  of  the  enzyme  fraction  and  0.67.  micro-crystalline  cellulose  or  17.  celloblose. 
Control  flasks  contained  957,  H2S04  and  an  equal  amount  of  either  of  the  above  substrates. 

All  flasks  were  Incubated  at  25°C  for  48  hours  and  analyzed  for  reducing  sugar. 

The  relative  enzymatic  efficiency  of  the  two  cellulase  systems  was  determined,  compara¬ 
tively,  using  acid  hydrolysis.  1  ml  of  the  cellulose  solution  was  subjected  to  complete 
acid  hydrolysis  by  heating  In  957.  H2SO4  for  10  minutes.  The  amount  of  glucose  available  for 
enzymatic  hydrolysis  was  determined  by  the  Folln-Malmros  method  (19).  Calculations  were  pro¬ 
portional  and  baaed  on  the  time  Interval  showing  greatest  activity. 

Detailed  results  of  the  individual  studies  are  reported  elsewhere  (24). 

The  presence  of  an  active  cellulolytic  agent  In  caecal  tissue  homogenates  and  extracts, 
and  In  the  bacterial  extract  was  determined  by  assaying  normal  and  heat  inactivated  aliquots 
of  each  sample  for  th°  production  of  reducing  sugar.  Both  homogenates  and  extracts  lose 
their  cellulolytic  «c  lvlty  upon  heating,  suggesting  densturatlon  and  inactivation  of  the 
active  component.  Ttvs,  In  considering  the  Independent  activities  of  the  two  crude  cellulase 
preparations,  it  Is  apparent  that  both  contain  active  cellulase  fraction.  The  lower  activity 
noted  in  the  endogenous  extract  can  be  explained  by  the  fact  that  the  endogenous  cellulase 
is  probably  tightly  bound  to  the  caecal  tissue,  and  was  not  completely  removed  upon  homogeni¬ 
zation  and  filtration;  consequently,  all  subsequent  studies  utilized  caecal  homogenate. 

The  enzymatic  degradation  of  cellulose  was  determined  by  measuring  the  production  of 
the  reducing  sugar,  glucose,  the  final  hydrolysis  product.  The  Folln-Malmros  method  (19) 
was  determined  to  be  the  most  sensitive  test  for  measuring  the  production  of  reducing  sugars 
from  cellulose  degradation,  because  it  is  specific  for  the  final  degradation  product,  glucose. 
The  Benedict's  Test,  used  by  Harlngton  (1)  and  other  early  investigators,  also  measures  re¬ 
ducing  sugar  production,  but  It  Is  not  specific  for  glucose.  The  Somogyi-Nelaon  Method  (22, 
23)  used  by  Lane,  Greenfield, and  Nalr,  Is  also  specific  for  glucose;  however,  an  alkaline 
copper  reagent  Is  employed.  Strange  et  al  (25)  note  that  copper  reagents  can  Interfere  with 
"reduc time trie  sugar  methods"  by  complexlng  with  various  amino  acids  that  might  be  present, 
especially  cysteine,  tyrosine,  and  tryptophane.  Such  complex  formation  causes  decreased 
reduction  In  the  presence  of  the  sugar. 

The  optimum  pH  for  the  saccharifying  activity  of  the  two  cellulases  differs  decidedly. 

The  caecal  cellulase  Is  optimal  at  pH  4.6,  while  the  bacterial  cellulase  exhibits  optimum 
activity  at  pH  6.6.  The  observed  pH  difference  Is  consistent  with  pH  differentials 
observed  by  earlier  investigators.  Greenfield  and  Lane  (4)  noted  differential  pH  activity 
In  the  "precaecal"  and  "postcaecal”  portions  of  the  gut  of  T.  navalla ;  activity  in  the 
"precaecal"  portion  was  independent  of  pH,  while  activity  in  the  "postcaecal"  portion 
exhibited  maximal  activity  between  pH  5.6  and  pH  6.7.  The  authors  noted  that  the  differential 
pH  activity  suggested  that  more  than  one  enzyme  was  Involved.  Kadota  (14)  also  reported  pH 
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difference*  between  a  bacterial  cellulaae  and  a  cellulaae  from  extract*  of  the  digestive 
diverticula.  The  pH  optimum  for  the  diverticula  extract  was  5.8,  while  the  bacterial  cellu- 
last  exhibited  optimum  activity  at  pH  6.4  Thus,  there  appear*  to  be  good  correlation  between 
the  pH  sctlvltie*  noted  In  thl*  investigation  and  these  reported  previously.  As  each  enzyme 
was  considered  separately,  the  conclusion  became  apparent  that  two  cellulases  of  separate 
origin  were  present. 

A  second  activity  peak  noted  for  the  crude  caecal  cellulase  is  thought  to  represent 
residual  bacterial  cellulase  In  view  of  its  proximity  and  similarity  with  the  crude  bacterial 
cellulase  peak.  Kadota  (14)  reported  a  similar  phenomenon  In  the  whole  body  extracts  of 
T.  navalls.  or  In  mixtures  of  the  diverticula  extract  and  the  bacterial  cellulase.  However, 
the  possibility  that  the  caecal  cellulase  is  a  dipolar  protein  has  not  been  eliminated.  Such 
proteins  commonly  exhibit  two  pH  optima. 

It  Is  also  significant  to  note  that  the  bacterial  cellulase  has  about  four  times  the 
cellulose-saccharifying  activity  exhibited  by  the  caecal  cellulase  and  that  It  remains  active 
and  stable  12-24  hours  longer  than  the  caecal  enzyme.  Even  after  84  hours,  the  bacterial 
cellulase  is  still  active,  while  the  endogenous  cellulase  has  been  exhausted. 

The  comparative  activity  of  the  two  crude  cellulases  Indicates  the  rate  of  bacterial 
enzymatic  hydrolysis  to  be  almost  four  times  that  of  endogenous  enzymatic  hydrolysis.  When 
compared  with  acid  hydrolysis,  using  957.  H2SO4,  enzymatic  hydrolysis  by  the  bacterial  cellu- 
last  was  noted  to  produce  567,  more  glucose  during  exponential  activity  (about  60  hours)  than 
did  enzymatic  hydrolysis  by  the  endogenous  cellulase. 

Insofar  as  the  relative  efficiency  of  the  two  cellulase  systems  is  concerned  the  bacterlr 
al  cellulase  was  shown  to  hydrolyze  41.27.  of  the  total  amount  of  glucose  available  while  the 
caecal  cellulaae  hydrolyzed  only  9.27,.  This  data  is  consistent  with  the  saccharifying 
activities  end  the  reaction  rates  which  Indicate  that  cellulose  degradation  by  the  bacterial 
cellulase  Is  almost  four  times  faster  than  degradation  by  the  endogenous  caecal  cellulase. 
Thus,  on  a  purely  quantitative  basis,  the  bacterial  cellulase  Is  eliciting  four  times  the 
activity  of  the  caecal  cellulase,  is  producing  up  to  567.  more  glucose  during  exponential 
growth,  and  Is  operating  327.  more  efficiently  than  the  endogenous  caecal  cellulase. 

It  has  been  previously  reported  that  807.  of  the  cellulose  and  15-567.  of  the  heml- 
cellulose  content  disappears  from  wood  during  Its  passage  through  the  digestive  tract  of 
T.  navalls  (261.  Experimental  data  obtained  In  this  investigation  indicates  that  such 
activity  could  not  be  attributed  solely  to  an  endogenous  teredlne  cellulase,  as  the  activity 
coefficient,  reaction  rate,  and  general  efficiency  of  the  system  does  not  allow  for  such 
activity.  The  data  obtained  suggests  a  dependence  of  the  borer  on  bacterial  cellulase,  as 
the  relative  efficiency  and  much  reduced  activity  of  Its  endogenous  cellulase,  as  compared 
to  the  activity  of  the  bacterial  cellulase,  would  not  be  sufficient  to  satisfy  the  nutrition¬ 
al  demands  of  the  animal. 

Simulated  in  vivo  studies  conducted  with  starved  (caecal  tissue  without  contents)  and 
fed  (caecum  Intact  with  contents)  tissue  homogenates,  under  sterile  and  non-sterlle  conditions 
and  with  the  addition  of  known  amounts  of  caecal  Isolated  cellulolytic  bacteria,  Cellulomonaa 
sp.,  confirm  the  In  vitro  activity  noted  for  the  crude  bacterial  cellulase,  and  clearly 
Indicate  that  the  contribution  of  caecal  associated  cellulolytic  bacteria  Is  to  Intensify 
cellulose  degradation  by  the  addition  of  more,  or  'symbiotic'  bacterial  cellulase. 

It  appears  that  the  borer  requires  the  presence  of  these  cellulolytic  bacteria  as  It 
is  dependent  upon  the  'symbiotic'  bacterial  cellulase  for  sufficient  decomposition  of  wood 
to  Justify  Its  utilization  as  the  primary  food  source.  The  endogenous  caecal  cellulase  Is 
neither  sufficiently  active,  nor  present  in  large  enough  quantities  to  account  for  the  amount 
of  cellulose  and  heml-cellulose  reported  to  be  removed  from  wood  during  Its  passage  through 
the  digestive  tract  of  T.  navalls  (26;. 

It  thus  appears  that  two  Independent  cellulases  are  operative  in  the  digestive  process 
of  the  borer:  one  of  bacterial  origin,  and  one  of  apparent  endogenous  origin. 

Data  presented  In  Figure  1  and  Table  1  suggests  that  the  endogenous  cellulase  might 
more  accurately  be  termed  a  B-glucosldase;  and  lends  further  support  to  the  hypothesis  that 
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bacterial  cellulase  is  the  predominant  factor  responsible  for  cellulose  degradation  by  the 
borer.  Such  a  conclusion  stems  from  the  fact  that  the  endogenous  cellulase  hydrolyzes 
52.1*'  more  cellobiose  than  cellulose,  while  the  bacterial  cellulase  hydrolyzes  77.77,  more 
cellulose  than  cellobiose.  In  addition,  the  bacterial  cellulase  has  a  total  percent 
hydrolysis  (88. 2“')  t^ual  to  that  of  complete  acid  hydrolysis  (88.37„).  The  specificity  of 
the  bacterial  cellulase  is  therefore  apparent.  The  affinity  of  the  endogenous  cellulase, 
on  the  other  hand,  indicates  the  nature  of  this  enzyme  to  be  more  that  of  a  cellobiase  or 
B-glucosidase ,  than  a  true  cellulase.  Hydrolytic  activity  ratios  shown  in  Table  1  likewise 
suggest  that  the  endogenous  cellulase  is  more  probably  a  B-glucosldase,  and  support  the 
dominance  of  bacterial  cellulase  in  cellulose  decomposition  and  metabolism  by  T.  navalis. 

Conclusions  regarding  the  exact  specificity  of  the  endogenous  cellulase  cannot  be  made 
on  the  basis  of  the  experimental  data  obtained  in  this  investigation;  however,  several 
possibilities  exist: 

(a)  The  endogenous  cellulase  is  truly  a  cellulase,  but  is  chain-length  specific  for  the 
smaller  polymeric  units  of  cellobiose.  This  is  unlikely,  however,  since  Mandels 
and  Reese  (27',  reported  that  length-specific  cellulases  act  preferentially  on  the 
Intermediate  cellulo-ollgosaccharide  units,  bridging  the  gap  between  true  cellulases 
and  B-glucosldases. 

(b)  The  endogenous  cellulase  is  actually  a  stable  B-glucosldase  (or  cellobiase)  of 
bacterial  origin.  This  possibility  can  be  eliminated  for  two  reasons:  first, 
the  pH  of  the  bacterial  extract  shows  only  one  activity  peak;  and  second,  the 
thermostability  and  thermorecovery  properties  of  this  enzyme  indicate  it  to  be 
unstable  and  rather  thermolabile. 

(c)  The  most  likely  possibility  is  that  the  endogenous  cellulase  is  actually  a  B- 
glucosidase  (or  cellobiase)  of  teredlnid  origin,  secreted  into  the  caecum  from 
the  digestive  diverticula.  This  possibility  is  strongly  indicated  by  the 
hydrolytic  activity  ratios  presented  in  Table  1,  and  the  hydrolysis  studies 
presented  in  Figure  1. 

Numerous  investigators  (3,7,28,29,30,31,32)  have  reported  the  presence  of  cellobiase  or 
B-glucosldase  in  the  digestive  diverticula  or  stomach  and  crystalline  style  of  the  borer 
(Teredo  or  Bankla  p. ) .  Also,  the  pH  noted  to  be  optimum  for  the  saccharifying  activity  of 
the  endogenous  enzyme  is  within  1.0  pH  unit  of  the  range  reported  by  Greenfield  and  Lane  (4) 
as  exhibiting  maximum  activity  of  the  "postcaecal"  fraction;  and  within  0. 5-1.0  pH  units 
of  that  reported  by  several  Japanese  investigators  (5,6,13,14)  to  be  optimal  for  activity 
of  the  digestive  diverticula  of  T.  navalis. 

In  any  case,  it  is  apparent  that  the  endogenous  cellulase  is  not  the  active  principle 
in  hydrolyzing  the  cellulo-ollgosaccharide  units  to  glucose,  but  more  probably  acts  by 
hydrolyzing  smaller  polymeric  units  of  the  disaccharide  type. 

Reese  (33)  postulated  that  cellulose  degradation  occurs  in  a  aeries  of  steps,  as  shown 
in  Figure  2.  The  first  step,  carried  out  by  a  factor  designated  as  Cj,  converts  native 
cellulose  into  reactive  cellulose  (B-l,  4-polyanhydroglucose  chains).  The  nature  of  this 
action,  and  even  the  question  of  whether  it  is  enzymatic,  is  unresolved.  The  reactive 
cellulose  is  next  acted  upon  by  Cx  (the  cellulase  probably  referred  toby  most  investigators), 
a  complex  of  enzymes  that  hydrolyze  glucosldlc  linkages  producing  reducing  sugars,  such  as 
glucose.  Mandels  and  Reese  (27)  report  the  separation  of  a  Cx  cellulase,  produced  by  the 
fungus,  Trlchoderma  vlrlde.  into  three  components  which  show  chain  length  activity:  the  A 
component  showed  equal  activity  for.  both  long  and  short  chains,  while  the  B  component  was 
more  reactive  on  long  chains  and  the  CD  component  more  reactive  on  shorter  chains.  Further 
work  by  Mandels  and  Reese  (34)  has  confirmed  the  presence  of  a  Cj-C*  component  cellulase 
system  in  fungi  that  contains  length  specific  cellulase  conponents.  Studies  on  the  C_ 
component  by  Mandels  and  Reese  (34)  and  Mandela  and  Weber  (35)  substantiate  F.eese'a  1*59  (27) 
proposal  for  the  degradation  of  cellulose. 

Although  such  a  multiple  component  system  has  not  as  yet  been  demonstrated  for  bacterial 
cellulolytic  systems,  an  analogous  component  system  may  be  speculated  to  be  present  in 
bacterial  cellulases. 
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Much  a  prion  evidence  has  accumulated  concerning  the  role  of  marine  fungal  specie* 

In  che  destruction  of  wood  (36,371.  Thla  Includes  sloughing  or  softening  of  the  wood 
surface,  penetration  and  complete  vegetative  and  reproductive  Infestation  of  submerged  wood 
panels,  and  a  growth-wise  affinity  for  wood  and  wood  products  In  pure  culture. 

I'iie  presence  of  active  cellulolytic  systems  in  various  species  of  llgnlcolous  marine 
Ascomyoetes  and  Deuteromycetes  has  been  demonstrated  (38,39,40).  cell  free  filtrates  from 
species  Isolated  from  submerged  wood  have  been  shown  to  produce  as  much  as  3.0  milligrams 
reducing  sugar  per  milliliter  when  Incubated  with  celluloslc  materials,  such  as  carboxymethyl- 
cellulose,  powdered  cellulose,  and  balsa  wood  (4o,4l).  Many  of  these  fungi  have  also  been 
shown  to  degrade  Manila  twine,  a  lignocellulosic  material  comparable  to  wood  in  proximate 
analysis  (41)  . 


Microscopic  analysis  indicates  that  the  process  of  wood  decomposition  by  fungi  Is 
extracellular;  and  the  growth  of  wood  destroying  fungi  on  lignocellulosic  materials  depends 
on  the  production  of  extracellular  cellulases  and  xylanases  (42). 

Meyers  and  Reynolds  (36,37)  have  implicated  the  role  of  marine  cellulolytic  fungi  to 
be  preparatory  insofar  as  a  correlation  with  Infestation  by  boring  molluscs  Is  concerned, 
these  authors  suggest  that  cellulolytic  fungi  "condition"  the  surface  of  wood  prior  to 
attack  by  wood  borers. 

"The  fungal  Infestation  that  occurs  before  borers  attack  the  wood 
has  Interesting  biological  implications.  In  northern  areas, 
especially,  It  may  facilitate  the  activities  of  the  borer,  not  only 
by  making  it  easier  for  them  to  enter  the  wood,  but  also  by  providing 
them  with  a  source  of  food." 

Implicit  in  this  statement  la  the  suggestion  of  fungal  "preconditioning"  of  wood  cellu¬ 
loslc  components  prior  to  marine  borer  infestation  and  attack  by  the  enzymatic  constituents 
of  the  borer's  digestive  system.  This  "conditioning",  If  It  Is  of  any  effect,  surely 
Involves  physical  and  chemical  as  well  as  biological  factors.  Investigators  concerned  with 
the  role  of  marine  cellulolytic  fungi  in  the  decomposition  of  wood  consider  the  production 
of  extracellular  cellulases  and  xylanases  to  be  an  Important  factor.  These  enzymes  apparent¬ 
ly  soften  ("condition")  the  wood  facilitating  the  boring  activity  of  the  animal,  and  'ready* 
the  celluloslc  componoits  of  the  wood  for  the  subsequent  action  of  other  enzymes  contained 
within  the  digestive  system  of  the  animal. 

Two  models  for  the  cooperative  action  of  fungal,  bacterial,  and  endogenous  cellulases 
can  be  proposed  for  the  degradation  of  wood  and  metabolism  of  its  hydrolysis  products  by 
Teredo  navalls.  The  distinguishing  features  between  the  two  proposed  models  are  the 
speculative  nature  of  the  endogenous  cellulase  (i.e.,  true  cellulase  or  B-glucosldase) 
and  its  specificity  (i.e.,  preferential  lengths  of  B-l,  4-polyanhydroglucose  or  celloblose). 

Model  ‘t  1  assumes  that  the  endogenous  cellulase  is  a  true  cellulase  of  teredlnid  origin, 
and  that  cellobiase  and  B-glucosldase  are  separate  enzymes  located  in  the  caecum  (10,28). 
According  to  this  model,  native  wood  enters  the  stomach  from  the  esophagus  and  Is  acted  upon 
by  three  components:  (a)  amylase  and  saccharase  from  the  crystalline  style  (43,3,29,32); 

(b)  alginase  and  xylanase  from  the  digestive  diverticula  (3);  and  (c)  cellulase,  most  proba¬ 
bly  of  the  C]  type,  produced  either  by  the  digestive  diverticula  (44,4,45,7,30,31)  or  by 
cellulolytic  fungi  ingested  with  the  wood  (36,37,40).  It  is  proposed  that  the  combined 
activity  of  these  enzymes  converts  native  wood  to  'reactive*  wood  by  acting  on  various 
extraneous  wood  components  (i.e.,  non-cellulosic  polysaccharides)  in  such  a  way  as  to  render 
the  glycosidlc  linkages  of  the  celluloslc  polysaccharides  susceptible  to  enzymatic  hydrolysis 
(46).  The  activity  of  the  Cj  component  is  speculative;  however,  It  is  an  enzyme  produced  by 
all  actively  cellulolytic  fungi  (34).  If  c.  Is  hydrolytic,  its  action  may  be  quite  random 
or  restricted  to  weak  linkages  in  non-cellulosic  polysaccharides  (34).  If  C]  Is  not  hydro¬ 
lytic  It  might  bind  directly  to  the  cellulose  relaxing  the  Intramolecular  bonds  so  the  Cx 
cellulase  can  act.  Whatever  its  action,  Cj  renders  the  wood  susceptible  to  attack  by  the  Cx 
cel  lulase . 

When  wood  enters  the  stomach,  its  presence  and/or  the  presence  of  the  fungal  Ci 
cellulase,  induces  the  digestive  diverticula  to  secrete  cellulase  (probably  Cj)  Into  the 
stomach.  Here,  native  cellulose  and  heml-cellulose  components  are  acted  upon  such  that  the 
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native  wood  is  converted  Into  'reactive'  wood.  The  'reactive'  wood  la  passed  Into  the  caecum 
where  It  is  acted  upon  by  the  bacterial  Cx  cellulase.  The  production  of  the  bacterial  Cx 
cellulase  is  thought  to  be  Induced  by  the  presence  of  wood  and/or  the  Cj  cellulase  from  the 
fungi  or  the  digestive  diverticula.  The  bacterial  Cx  cellulase  decomposes  the  'reactive' 
wood  to  cellobiose  and  glucans  (from  the  hydrolysis  of  heml-celluloses) .  The  presence  of 
celloblose  activates  celloblase,  present  in  the  caecum,  which  subsequently  converts  this 
disaccharide  to  the  reducing  sugar,  glucose.  The  glucans  are  acted  upon  by  B-glucosldase 
in  the  caecum  and  are  converted  to  other  metabolizable  sugars.  The  sugars  are  absorbed  by 
the  caecal  tissue  and  metabolized  by  Embden -Meyerhof ,  Pentose  Pathway,  and  Citric  Acid  Cycle 
enzymes  (10,281  for  food  and  energy. 

Model  #2  differs  from  Model  #1  in  supposing  that  the  endogenous  cellulase  is  really 
a  celloblase-B-glucosldase,  as  is  suggested  by  the  experimental  data  presented  in  this 
study.  Native  wood  enters  the  stomach  from  the  esophagus  and  is  acted  upon  by  enzymes 
secreted  by  the  crystalline  style  end  digestive  diverticula,  as  described  in  Model  #1; 
endogenous  cellulase,  however,  is  absent.  As  cellulolytic  fungi  may  be  present  on  the 
wood  when  ingested,  some  fungal  C}  cellulase  activity  may  also  occur.  The  combined  activity 
of  these  enzymes  converts  native  wood  into  'reactive'  wood.  The  'reactive*  wood  is  passed 
into  the  caecum,  where  bacterial  Cx  cellulase,  induced  by  the  presence  of  wood  and/or 
fungal  Cj  cellulase  converts  it  to  celloblose  and  glucans.  The  presence  of  celloblose 
activates  the  endogenous  cellobiase-B-glucosldase  which  is  secreted  into  the  caecum  from  the 
digestive  diverticula.  This  enzyme  converts  the  celloblose  and  glucans  into  metabolizable 
sugars,  which  are  absorbed  by  the  caecal  tissue.  Embden-Meyerhof ,  Pentose  Pathway,  and 
Citric  Acid  Cycle  enzymes  are  responsible  for  the  conversion  of  these  hydrolysis  products 
into  utilizable  food  and  energy  within  the  caecal  tissue  (10,28). 

The  main  differences  between  the  two  models  can  be  summarized  as  follows: 

Nature  of  Cellulase: 

Model  #1:  Endogenous  cellulase  is  a  true  cellulase  acting  preferentially  on  long  chain 
celluloslc  polysaccharides.  Its  action,  in  conjunction  with  the  activity  of  fungal 
Cj  cellulase  and  carbohydrases  produced  by  the  crystalline  style  and  digestive  diver¬ 
ticula,  renders  the  B-l,  A  linkages  of  polyanhydroglucose  chains  susceptible  to  enzymatic 
hydrolysis  by  bacterial  Cx  cellulase. 

Model  # 2 :  Endogenous  cellulase  is  absent.  Carbohydrases  from  the  crystalline  style 
and  digestive  diverticula,  in  conjunction  with  some  fungal  C  cellulase,  are  respons¬ 
ible  for  converting  native  wood  to  'reactive'  wood,  rendering  it  susceptible  to  attack 
by  bacterial  Cx  cellulase. 

Nature  of  Celloblase  and/or  B-Glucosldase : 

Model  #1:  Celloblase  and  B-glucosidase  are  separate  enzymes  located  in  the  caecum. 
Celloblase  converts  cellobiose  to  glucose,  while  B-glucosldase  acts  on  other  glucans 
to  produce  metabolizable  sugars,  which  are  absorbed  by  the  caecal  tissue. 

Model  till  Celloblase-B-glucosldase  is  a  unit  enzyme  located  in  the  digestive  diver¬ 
ticula,  and  secreted  into  the  caacum.  It  is  activated  by  the  presence  of  cellobiose, 
and  converts  both  cellobiose  and  glucans  into  metabolizable  sugars,  which  are  absorbed 
by  the  caecal  tissue. 

Figure  3  illustrates  this  new  concept  of  wood  digestion  by  the  Teredlnldae.  It  shows 
the  cooperative  action  of  fungal,  bacterial,  and  endogenous  cellulases,  and  the  important 
role  played  by  symbiotic  cellulolytic  bacteria  in  the  degradation  and  metabolism  of  cellulose 
and  its  hydrolysis  products  within  the  digestive  system  of  the  borer. 
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ENZYMES  designated  with  letters i 


A  *  amylase  &  saccharase 
B  «  alglnase  &  xylanase 
C  *  fungal  cellulase  (C^)? 

D  *  cellobiase-B-glucosidase  (diverticula) 
E  ■  cellobiase  (caecum) 

P  ■  B-glucosidase  (caecum) 

G  »  EMP,  CTAt  and  PP  enzymes 
H  ■  endogenous  cellulase  (C^)? 

K  >  BACTERIAL  cellulase  (Cx) 


REACTIONS  designated  with  numbers i 
#1  NATIVE  WOOD ^tomac^7 ^ r,active  wood" 

K 

#2  'reactive  wood*  »cellobiose  +  glucans 

#3- a  celloblose  — P-  -W  GLUCOSE 

#3-b  glucans  *  metabolizable  sufars 

other  than  glucose 

#4  ALL  metabolizable 

sugars - =— — ►POOD  &  ENERGY 
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MODEL  #2 
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Discussion 

Kevin  Marshall .  University  of  Tasmania:  Dr.  Rosenberg,  I  wonder  about  your  isola¬ 

tion  techniques.  One  would  imagine  that  in  the  gut  of  the  shipworm  the  environment 
is  anaerobic  and  therefore,  if  you  are  looking  for  cellulose  decomposers,  surely  you 
should  be  looking  for  anaerobic  decomposers. 

Rosenberg :  We  grew  all  our  isolates  under  anaerobic  conditions  and  the  aerobic  iso¬ 
lates  were  capable  of  growing  anaerobically  and  vice-versa.  We  found  organisms  which 
were  capable  of  growing  under  both  conditions. 

Marshall :  My  other  question  concerns  your  technique  of  simply  rinsing  the  gut  in 

95%  ethanol.  Have  you  tested  the  degree  of  efficiency  of  sterilization  of  an  external 
surface  with  ethanol  by  this  method?  1  rather  doubt  that  you  are  removing  all  the 
external  organisms. 

Rosenberg :  We  ran  controls  on  all  of  the  caecal  isolates  and  we  never  obtained  any 

growth  from  the  surface  of  the  caecum  when  we  rinsed  with  95%  alcohol  whereas  we  did 
obtain  organisms  from  the  contents  of  the  caecum. 

Robert  Dean.  Duke  University;  1  have  tried  your  technique  of  sterilization  and,  in 
fact,  used  multiple  washings  in  both  95%  ethanol  and  sterile  sea  water  and  consistent¬ 
ly  have  been  able  to  culture  large  numbers  of  bacteria  from  the  external  surface  of 
the  caecum  without  puncturing  it,  though  I  admit  I  was  working  with  a  different  spe¬ 
cies,  namely  Bankia  gouldl. 

Rosenberg :  Were  you  Isolating  cellulolytic  bacteria  or  just  bacteria  in  general?  We 
were  interested  only  in  the  fact  that  cellulolytic  bacteria  would  not  grow. 

Dean:  Yes.  I  was  Isolating  cellulolytic  bacteria.  The  organisms  were  first  laola- 
lated  on  D1  Flo  Marine  Agar  but  I  was  then  able  to  restreak  them  on  cellulose  contain¬ 
ing  media  and  show  that  they  were  indeed  cellulose  decomposing  bacteria.  This  is  why 
I  question  your  techniques.  Furthermore,  do  you  think  that  enrichment  culturing  is 

giving  you  a  valid  picture  of  the  microbial  constituents  of  the  gut?  I  ask  this  be¬ 
cause,  following  your  methods,  I  have  consistently  obtained  three  to  four  species  in 
approximately  equal  numbers  based  on  colony  morphology. 

Rosenberg:  When  we  enriched  we  were  trying  initially  to  isolate  the  cellulolytic 

bacteria.  We  were  not  going  on  numbers  of  organisms  even  though  this  is  open  to  some 
question.  One  can  question  the  relationship  between  the  number  of  organisms  and  en¬ 
zymatic  activity,  but  we  were  only  trying  to  relate  the  activity  of  the  bacterial  cel- 
lulase  with  that  of  the  caecal  cellulase,  if  one  was  present.  We  consistently  got 
four  times  as  much  activity  from  the  bacterial  isolates  as  we  did  from  the  caecum. 

Dean:  But  you  will  agree  you  cannot  be  sure  that  the  species  you  get  via  enrich¬ 

ment  is  the  most  important  species  in  the  gut  because  the  environment  is  not  quite 
the  same  in  a  test  tube. 

Rosenberg :  That  is  true  but  we  have  consistently  isolated  Cellulomonas  sp.  on  our 

cellulose  agar . 

Dean:  With  regard  to  your  enzyme  assays,  I  wonder  if  you  express  your  data  as 

milligrams  of  glucose  liberated  from  your  cellulose  substrate  per  milligram  of  pro¬ 
tein  in  the  assay  mixture.  What  kind  of  differences  did  you  get  between  the  bacterial 
extract  and  the  caecum  homogenate? 
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Rosenberg :  Can  you  phrase  chat  slightly  differently? 

Dean:  Commonly  in  biochemical  assays,  when  one  wishes  to  compare  the  enzyme  activi¬ 

ty  of  various  preparations,  the  data  are  expressed  in  terms  of  milligrams  substrate 
liberated  per  milligram  protein  present  in  the  incubation.  I  wonder  if  you  did  this. 
In  other  words,  after  you  had  done  all  the  processing  on  your  bacterial  homogenate  and 
your  caecal  homogenate,  did  you  measure  the  amount  of  protein  present  in  the  two  mix¬ 
tures? 

Rosenberg :  No.  We  did  not. 

Dean:  So  it  is  quite  possible  that  the  greater  amount  of  activity  seen  with  the 

bacterial  extract  could  be  due  to  the  fact  that  you  had  several  orders  of  magnitude 
more  protein  present  in  that  mixture. 

Rosenberg:  That  is  a  possibility,  but  the  amount  of  the  caecal  homogenate  in  rela¬ 
tion  to  the  amount  of  bacteria  tends  to  preclude  the  possibility  that  we  would  have 
that  much  more  protein  in  the  amount  of  bacteria  used  than  was  present  in  the  caecum. 

Dean:  What  was  the  basis  for  comparing  the  two  in  this  regard? 

Rosenberg :  We  simply  used  a  standardized  amount  of  bacteria  and  a  standard  amount  of 
caecum. 

Dean:  All  right,  you  Cook  the  bacterial  extract  from  a  pure  culture  of  Isolated 
bacteria.  Do  you  know  the  approximate  numbers  of  bacteria  in  the  culture? 

Rosenberg:  Yes.  I  do  not  have  them  here  but  can  give  them  to  you  later. 

Dean:  I  would  think  that  an  enriched  culture  or  pure  culture  on  some  medium  that 

had  been  developing  for  a  day  or  so  would  tend  to  have  enormous  amounts  of  protein 
as  compared  with  a  caecal  extract.  I  have  found  that  homogenizing  shlpworms,  large 
numbers  of  them,  with  about  equal  volume  of  some  medium  gives  no  more  than  about  500 
to  700  micrograms  of  protein  per  milliliter  and  I  tend  to  think  that  you  probably 
got  a  far  greater  amount  with  the  bacterial  extract. 

Rosenberg:  We  did  not  use  the  bacteria  which  had  been  grown  on  Di  Flo  Marine  Agar. 

We  used  the  bacteria  which  had  been  grown  on  cellulose  agar  and  the  growth  on  this 
medium  was  so  slow  that  it  took  a  number  of  weeks  before  we  had  a  sufficient  number 
of  organisms  to  be  able  to  use  them. 

Dean:  Are  the  bacteria  visible  in  the  extracts  you  prepared? 

Rosenberg :  '.'hen  we  streaked  the  extracts  back  onto  cellulose  agar  plates  it  took 

up  to  six  weeks  before  we  detected  any  bacteria. 

Dean:  Were  they  visible  when  you  were  preparing  the  bacterial  extracts  and  you  had 

them  in  slants  or  in  liquid  culture? 

Rosenberg :  We  had  some  turbidity  in  liquid,  but  it  was  minimal. 

Dean:  Were  they  all  prepared  from  liquid  culture? 

Rosenberg :  Yes. 
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Dean:  Pine,  but  I'm  still  quite  unwilling  to  accept  your  data  until  you  check  your 
results  in  terms  of  activity  per  milligram  of  protein  because,  to  me,  efficiency  of 
activity  means  that  benefits  greatly  exceed  costs.  It  may  be  that  you  simply  have 
enormously  larger  amounts  of  protein  in  your  bacterial  extract. 

Levy,  Imperial  College.  London:  My  interest  in  the  degradation  of  cellulose  con¬ 
cerns  the  effect  o*  terrestrial  fungi  in  wood.  I  want  to  say  that  I  like  the  ingenu¬ 

ity  of  your  models,  but  I  would  add  a  word  of  warning  about  the  -  C  .  Recently 
Dr.  Selby,  who  has  been  working  in  this  area  for  some  time,  gave  a  review  of  recent 
work  by  T.  M.  Wood  who  suggested  that  the  C.  -  Cx  sequence  was  not  entirely  correct 
and  that  there  was  another  twist  to  the  stofy.  Some  of  the  reactions  of  different 
types  of  fungi  in  wood  take  a  bit  of  explaining  even  with  the  -  Cx  areas  that  we 
know  at  the  moment. 

Rosenberg :  Thank  you  for  your  comment.  May  I  mention  one  thing.  There  are  refe¬ 

rences  in  the  literature  to  the  effect  that  termites  will  never  act  on  the  wood  until 
it  is  preconditioned  by  fungi. 

Levy:  Yes.  I  think  there  are  quite  a  number  of  references  to  the  interaction  be¬ 
tween  fungi  and  various  micro-organisms.  I  think  this  has  been  suggested  for  some  of 

the  Llmnoria  though  this  is  a  debatable  point,  but  I  believe,  in  certain  cases  the 
fungi  are  supposed  to  act  first. 

Gareth  Jones,  Portsmouth  Polytechnique :  Dr.  Rosenberg,  what  is  the  nature  of  the 
cellulose  material  in  the  caecum  when  you  look  at  it?  Do  you  find  any  bacteria? 

Can  you  see  these  visually? 

Rosenberg :  We  have  not  looked  at  the  contents  of  the  caecum  to  determine  whether 
bacteria  are  present.  We  simply  homogenized  the  caecum  and  then  plated  it  out  and 
isolated  the  cellulolytic  bacteria  from  it. 

Jones :  In  your  system  you  assumed  that  there  were  fungi  present  and  that  the 

Cl  enzyme  was  coming  from  fungi  in  the  wood.  Have  you  found  any  fragments  of 
mycelium  present  either  in  the  caecum  or  the  stomach? 

Rosenberg:  We  haven't  looked  for  them.  The  model  was  hypothesized  after  the 

investigation  so  we  have  yet  to  look  for  the  presence  of  fungal  fragments  in  the 
borer  itself. 

Jones:  I  asked  this  because  we  have  extracted  cellulose  material  from  the  stomach 

and  the  caecum  using  a  micro-pipet.  We  have  found  no  evidence  of  fungal  mycelia  and 
it  was  extremely  difficult  to  find  any  bacteria. 

Dean:  I  have  spent  some  time  looking  at  gut  contents  and  have  seen  numbers  of  bac¬ 
teria  associated  with  the  material  being  freshly  drawn  into  the  stomach  by  the  crys¬ 
talline  style.  However,  I  have  not  seen  any  bacteria  in  the  caecum  by  looking  at 
squashes  on  glass  slides.  If  they  are  present  they  are  either  very  closely  associa¬ 
ted  with  the  gut  wall  or  with  the  particles  of  wood.  I  would  like  to  ask  one  more 
question  concerning  your  enzyme  assays.  What  form  of  cellulose  were  you  using  as  a 
substrate? 

Rosenberg :  We  used  a  microcrystalline  cellulose.  It  is  from  the  Sigma  Company 
0.61  microcrystalline  cellulose. 

Dean:  Recent  work  on  mollusks  by  a  man  named  Koopmans  in  Holland  showed  that 

Cardlum.  I  believe,  was  able  to  readily  digest  microcrystalline  types  of  cellulose 
but  showed  no  activity  against  completely  native  forms  of  cellulose  such  as  cotton 
or  wood.  This  perhaps  should  be  taken  into  consideration. 
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The  Effect*  of  Temperature  and  Other  Factor*  on  the  Tunnelling  of 
Lyvodua  Pedicellatua  and  Teredo  Navalia 


P.A.  Board 

Central  Electricity  Research  Laboratories,  Leatherhead, 
Surrey,  England 


A  shipworm  in  wood  bathed  by  a  warm  seawater  effluent  will  be 
stimulated  to  a  higher  rate  of  tunnelling  than  in  ambient 
conditions.  It  will  not  necessarily  grow  any  bigger  in  warm 
conditions  because  its  form  and  ultimately  its  size  are  determined 
by  the  hardness  of  the  wood. 

Key  Words:  Rate  of  tunnelling;  hardness  of  wood;  size;  form. 


1.  Introduction 

This  report  is  part  of  a  study  of  shipworm*  begun  in  1963.  Even  then  it  was  apparent 
that  wa  could  improve  the  condition  of  our  rivers.  It  was,  therefore,  only  a  matter  of 
time  before  shipworm*  would  infest  wooden  dock  and  harbour  installations  that  had  remained 
free  from  attack  during  the  years  of  pollution.  When  this  happened  what  would  be  the 
effects  of  warm  effluents  from  coastal  power  stations? 

The  conclusions  reached  here  are  matters  of  fact.  Readers  must  make  up  their  own 
minds  whether  power  stations  should  be  held  to  account  -  especially  when,  at  the  root  of 
the  problem  of  shipworma,  is. the  driftwood  that  litters  our  inshore  waters  . 

2.  Apparatus 

Two  perspex  channels  were  supplied  by  airlift  pumps  from  reservoirs  of  artificial 
seawater.  The  water  in  one  channel  was  held  more  or  less  at  23°C;  in  the  other  it  was 
held  more  or  less  at  18°C.  The  heat  input  was  through  Pyrex  glass  coils  in  the 
reservoirs.  Temperature  appreciation  was  by  six  resistance  thermometers  wired  to  an 
electronic  roll-chart  recorder. 


3.  Methods 

The  main  experiment  involved  five  procedures:  'infestation',  'radiography', 
'measurement',  'comparison'  and 'analysis' . 

Infestation2:  Two  batches  of  ten  spruce,  Picea  abiee  dowels,  each  mounted  on  a  weighted 
perspex  frame,  were  infested  each  week  with  settling  stages  of  the  shipworm  Lyrodua 
pedicellatua .  After  infestation,  frames  were  placed  one  in  each  channel  starting  at  the 
downstream  end  of  each.  During  the  98  days  duration  of  this  part  of  the  experiment, 

120  pairs  of  dowels  were  infested  and  placed  in  the  channels;  Fig.  1. 


'The  Port  of  London  Authority  removes  some  8000  tons  annually  cast  into  the  River  Thames  as 
its  report  (1)  states:  "...  by  a  society  too  affluent  to  care  about  wastage  and  apparently 
too  indifferent  to  consider  the  result  of  its  behaviour". 
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Radiography2:  Beginning  on  day  98  with  dowels  1-10,  radiography  was  carried  out  on  a 
weekly  basis  until  day  266.  Each  week  another  batch  of  dowels  was  added  to  those  being 
radiographed  until  eventually  all  the  dowels  were  being  radiographed  every  week;  Fig.  1. 
Measurement:  Accurate  measurements  of  the  negative  images  of  selected  shipworms  were  made 
with  a  binocular  microscope  fitted  with  an  eye-piece  scale.  The  microscope  was  fixed  over 
a  hole  in  the  bench  25  mm  in  diameter.  Beneath  the  hole  was  a  small  fluorescent  tube. 
Above,  and  mounted  on  four  rubber  bungs,  was  a  sheet  of  clear  plate  glass.  At  a  working 
magnification  of  «  12,  the  lighted  area  was  just  larger  than  the  field  on  view. 

Comparison:  This  was  a  process  of  continual  assessment  of  the  radiographic  appearances  of 
shipworms  and  dowels. 

Analysis  involved  the  statistical  analysis  of  measurements  using  a  desk  calculator  and  a 
computer. 


4.  Results 

These  were  obtained  from  the  radiographic  record  of  growth  and  development  and 
consisted  primarily  of  measurements  of  overall  lengths  and  of  measurements  of  the  width  of 
tunnel  linings  at  5  mm  intervals  of  length. 

The  data  on  overall  lengths  were  provided  by  shipworms  growing  without  interference 
from  their  fellows  or  from  knots  or  pins  in  the  ends  of  dowels.  At  23°C  sixty-nine  Lyrodue 
were  found  which  met  these  requirements;  at  18°C  only  seven.  The  sixty-nine  yielded  609 
measurements;  the  seven,  tunnelling  more  slowly  and  taking  longer  to  reach  the  pins,  yielded 
126. 


The  data  on  tunnel  widths  at  5  mm  intervals  of  length  consisted  of  657  measurements 
provided  by  the  23°C  population  and  26  measurements  provided  by  the  18°C  population  - 
the  same  shipworms  providing  these  data  as  provided  those  on  lengths. 

5.  Discussion 


5.1  Increases  in  length 

Values  for  mean  lengths  with  952  confidence  intervals  were  obtained  using  a  program 
written  for  a  desk  calculator.  When  these  were  plotted  against  time  it  was  apparent 
(Fig.  2)  that  increase  in  length  could  be  regarded  as  linear  over  the  period  covered  by 
measurements.  (The  hiatus  after  day  130  in  the  23°C  plot  was  due  to  a  number  of  faster 
growing  shipworms  having  reached  the  pins  at  the  ends  of  the  dowels  in  which  they  were 
growing.)  The  relationship  between  rates  of  increase  in  length  at  the  two  temperatures  was 
found  by  performing  linear  regressions  on  the  data  and  comparing  their  slopes  (regression 
coefficients).  At  23°C  the  regression  coefficient  was  0.5364,  at  18°C  it  was  0.1720.  The 
rate  of  tunnelling  at  23°C  was  therefore  3.12  times  the  rate  at  18°C. 

Another  way  of  comparing  increases  in  length  at  23°C  and  18°C  was  to  note  the  times  at 
which  the  two  populations  attained  the  same  mean  lengths.  The  following  table,  based  on 
Fig.  2,  shows  the  time  in  days  taken  to  reach  mean  lengths  of  12.5,  15,  17.5,  20  and  22.5  mm. 

5.2  Changes  in  form 

Although  the  record  of  increases  in  length  was  incomplete,  the  record  of  changes  in 
form  was  preserved  in  the  radiographic  picture  of  each  shipworm.  However,  only  the  last 
set  of  radiographs  was  used  to  obtain  measurements  of  widths  at  5  mm  intervals  of  length. 

Values  for  mean  widths  and  952  confidence  intervals  were  obtained  as  before  and  the 
plot  "mean  width  (w)  *  length  (1)  at  5  mm  intervals"  is  shown  in  Fig.  3.  After  a  trial 
plot,  the  data  were  converted  to  the  form  "log  (w)  *  log  (1)”  and  linear  regressions  were 


2"Techniques  of  Infestation  and  Radiography  using  the  Shipworm  Lyrodue  pedioellatue 
Quatrefages"  by  P. A. BOARD  and  M.J.FEAVER  (not  yet  in  print)  describes  fully  these  two 
procedures. 
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carried  ouC  on  those  provided  by  Lyrodua  in  dowels  1-20  (23°C)  and  1-20  (18°C). 

Subsequently,  other  regressions  were  done  on  data  obtained  from  Lyrodua  growing  in  dowels 
61-70  (23°C),  from  Lyrodua  in  20  no  diameter  dowels  of  Scots  pine,  Pinua  aylveatria  (which 
had  been  well  soaked  before  infestation)  and  from  Lyrodua  in  Pinua  blocks  measuring 
ISO  x  75  *  25  mm.  These  are  all  shown  in  Fig.  4. 

Since  log  width  -  h.  log  length  ♦  g 
w  *  g  1^ 

where  the  exponent  h,  the  regression  coefficient,  is  approximately  0.5. 

There  were  no  significant  differences  in  tunnel  widths  in  the  experimental  populations 
of  Lyrodua  in  Pioea  (a,  b,  c  in  Fig.  4),  but  when  these  were  compared  with  widths  of 
Lyrodua  in  Pinua  (d  and  e  in  Fig,  4),  differences  in  the  shape  of  tunnels  apparen.  to  the 
eye  were  confirmed  by  a  separation  of  the  means  in  excess  of  the  95Z  confidence  limits3. 

The  value  of  the  exponent,  h,  would  appear  to  be  a  function  of  the  hardness  of  the 
wood  through  which  tunnels  are  made  since,  when  the  value  of  h  for  Lyrodua  in  Pinua  is 
substituted  for  the  hardness  (resistance  to  indentation)  in  columns  B  of  TTable  2  below 
(based  on  Appendix  B,  p.65  (2)**,  the  values  of  h  for  Lyrodua  in  Pioea  span  the  required 
range . 

No  data  are  available  that  relate  tunnel  widths  in  the  somewhat  harder  Pinua  to  time 
and  temperature,  but  there  were  sufficient  examples  of  shallow  and  deep  tunnelling  in 
Pioea  (notably  those  of  shipworms  (a)  and  (b)  Fig.  5)  to  venture  an  opinion:  that  at  a 
temperature  suitable  for  tunnelling,  progress  is  slower  in  hard  wood  than  in  soft  wood. 

5.3  Hardness  and  form 

At  this  point,  some  consideration  must  be  given  to  the  gradients  of  hardness 
experienced  in  the  first  5-10  mm  of  tunnelling  for,  according  Figs  3  and  4,  this  is 
where  form  and  size  are  largely  determined. 

Settling  at  a  wood/water  interface  so  that  its  earliest  tunnelling  is  across  the 
grain,  a  shipworm  experiences  a  more  abrupt  transition  from  soft  to  hard  going  than  it  does 
if  it  settles  on  a  cut  end  and  follows  the  grain(3).  The  result  is  not  only  slower  progress 
to  begin  with,  but  a  wider  tunnel.  An  initially  disproportionate  increase  in  width  with 
respect  to  length  (which  results  in  the  development  of  the  more  powerful  adductor  muscles 
required  for  heavy  duty  work)  is  also  a  feature  of  the  formula  w*/l  (width  is  proportional 
to  the  square  root  of  the  length)  -  as,  indeed,  is  the  pattern  of  subsequent  growth. 

Once  a  shipworm  reaches  conditions  of  optimum  hardness  for  tunnelling  it  turns  along 
the  grain  and  with  respect  to  width,  begins  to  increase  disproportionately  in  length. 
Hardness  is  still  a  governing  factor.  In  our  spruce  dowels,  where  maximum  hardness  was 
reached  within  a  few  millimetres  of  the  wood/water  interface,  Lyrodua  had  no  opportunity 
of  attaining  optimum  hardness  for  tunnelling.  If,  however,  the  pieces  of  wood  used  in  this 
experiment  had  been  more  substantial  -  trees  or  posts,  say,  instead  of  dowels,  we  would 
have  found  much  bigger  Lyrodua  tunnelling  towards  the  heartwood  at  a  slight  angle  to  the 
grain  -  impelled  not  only  by  a  gradual  softening  of  the  wood  by  water  and  micro-organisms, 
but  by  their  own  increasing  width  which  would  require  an  increasingly  hard  substrate  for 


3Note,  however,  the  anomalous  result  of  regression  analysis  on  32  data  points  provided  by 
Lyrodua  growing  in  dowels  at  18°C.  The  restricted  range  of  the  measurements  (widths  from 
5-30  ran  of  length  instead  of  from  5-50  ms)  exaggerated  the  steepening  effect  of  including 
a  group  of  data  points  (representing  larval  size  at  settlement)  until  the  regression 
coefficient  was  0.51800.  At  first  sight  this  is  similar  to  values  for  Lyrodua  in  Pinua,  but 
when  the  95Z  confidence  level  was  calculated,  there  was  an  overlap  between  the  lower  limit 
for  Lyrodua  in  dowels  1-20  at  18°C  (0.48128)  and  the  upper  confidence  limit  for  Lyrodua  in 
dowels  1-20  at  23°C  (0.48250). 

‘'Figures  in  parentheses  indicate  the  literature  references  at  the  end  of  the  paper. 
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optimum  tunnelling5. 

Growth,  which  in  ite  eecondary  pheie  accentuate*  length  rather  than  width,  it  made 
apparent  by  the  addition  of  filament*  to  the  ctenidia  or  'gill*'.  In  the  tertiary  pha*e, 
when  the  hardnet*  of  the  wood  it  inclined  to  diminiah  rather  than  increase,  the  gill*  and 
the  mantle  covering  are  probably  all  that  continue  to  grow. 

5.4  Effect*  of  *oft  goiag  on  size  and  form 

Previously,  Board(3)  stated  that  the  cross-sectional  area  of  a  ihipworm's  tunnel  at 
any  point  along  it*  length  is  always  greater  than  the  maximum  spread  of  the  valves  at  the 
time  it  was  fashioned.  In  soft  going,  however,  the  extent  of  the  excavation  can  be  greater 
than  the  outside  dimensions  of  the  calcareous  lining.  Fig.  6  shows  this  clearly.  It  is 
apparent  that  additions  in  length  to  the  lining  are  made  by  means  of  annuli  each  of  which 
is  expanded  distally  to  receive  the  proximal  (posterior)  end  of  the  one  that  follows. 
Probably  inflation  of  tha  posterior  end  of  the  cephalic  hood  ensures  that  each  annulus  is 
expanded  sufficiently  to  touch  the  wooden  walls  of  the  excavation  before  it  is  calcified. 

6.  Conclusions 

(i)  Temperature  affects  the  rate  of  tunnelling. 

(ii)  Over  the  period  covered  by  amasurements  the  rate  of  increase  in  length  was  linear 
and  at  23°C  approximately  three  times  the  rate  at  18°C. 

(iii)  The  width  of  a  Lyrodue  tunnel  is  roughly  proportional  to  the  square  root  of  its 
length  at  the  point  at  which  width  is  measured.  In  spruce  dowels  the  exponent  h  in  the 
formula  w  -  g.l*1  is  less  than  O.S;  in  dowels  and  blocka  of  Scots  pine  it  is  greater  than 
0.5. 


(iv)  The  exponent  h  above  is  a  function  of  the  hardness  of  the  wood  through  which  a 
shipworm  is  tunnelling. 

(v)  Tha  width  of  a  shipworm  is  therefore  determined  by  the  hardness  of  the  wood  and 
not  directly  by  temperature. 

(vi)  Ultimately,  however,  the  size  that  a  shipworm  may  reach  in  a  piece  of  wood 
depends  on  the  gradient  of  hardness  between  the  point  of  entry  and  the  centre. 

Consequently  large  pieces  of  wood  tend  to  harbour  larger  shipworm*  than  small  pieces  of  the 
same  kind. 

(vii)  Increase  in  length  without  e  concomitant  increase  in  width  is  provided  for  by 
the  addition  of  new  filaments  to  the  gills. 

(viii)  In  soft  going  the  tunnel  lining  is  narrower  than  the  excavation  and  touches  the 
wooden  walls  at  intervals  only. 
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to  these  arguments,  the  larger  size  attained  by  tome  tropical  shipwo'ms  must 
to  the  fact  that  tropical  woods  are  generally  harder  than  the  so-callod 
gymnospersu  that  comprise  the  driftwood  of  northern  temperate  seas,  as  well 
that  higher  temperatures  result  in  an  extended  breeding  aeason  and  in  wood 
and  tunnelled  before  it  has  become  too  soft. 
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Table  1.  A  Comparison  of  Rates  of  Growth 

At  23°C,  in  the  sice  range  12.5-22.5  aa,  Lyrodus 
in  Pioea  dowels  grew  at  the  rate  of  2.5  mm  every 
4.5  days.  At  18°C,  Lyrodus  in  similar  Pioea 
dowels  took  14.5  days  to  tunnel  2.5  oh.  Growth 
was,  therefore,  linear  and  roughly  three  times 
as  fast  at  the  higher  temperature. 
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HARDNESS 

Resistance  to 
Indentation 

SIDEGRAIN 

HARDNESS 

Resistance  to 
Indentation 

ENDGRAIN 

Wt/cubic  foot 
at  502  moisture 
content 

Ut/cubic  foot 
at  122 
moisture 
content 

(A) 

(B) 

(A) 

(B) 

(A) 

(B) 

(A) 

(B) 

Pinue 

eylveetrie 

430 

0.5333 

450 

0.5333 

40 

0.5333 

■ 

AIR 

DRIED 

550 

0.5333 

740 

0.5333 

■ 

30 

0.5333 

Pioea 

abiee 

GREEN 

340 

0.4217 

410 

0.4859 

34 

0.4533 

■ 

AIR 

DRIED 

480 

0.4654 

720 

0.5189 

27 

0.4800 

Tabic  2.  Valuta  (heavily  outlined)  for  the  phyeical  properties 
of  Piaea  when  those  of  Pinue  are  equated  to  0.5333 
-  the  value  of  (h)  for  Lyrodue  tunnelling  in  Pinue  blocks. 

Note  that  the  regression  coefficients  of  (a)  (b)  (c)  Fig.  4 
have  similar  values. 
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LENGTH,  i mi 

Fl|.3  Uppwplot:  Timm)  widths  of  Si  lyre**  |rowin(  In  M«a«  doaols  1-110  «t  23°C 
■I*  Ml  cMfidMco  Halts  about  On  boms  Mas:  ^  Q 

Loan  plot:  TmmI  widths  of  t  Lyre**  |ro«iN|  la  Mo»«  doaols  1-20  at  1I(C 
■ill  05t  confMooca  Halts  about  Ibo  boms  (has:  /  1  \ 

Nmbors  In  knekots  at  tko  nuabor  of  observations.  ' 


Fig.4  Avorapa  width:  I  with  rolationships  of  Lyre**  and  Teredo  twwols  in  K«« 
and  Pinm  -  with  tko  conaspondinp  roffossioa  linos  shoainp  Ota  slipM  thovph 
IaportMt  diverponca  in  slopo  assoeiatod  with  hardnoss  of  tba  wood. 

(a)  lyre**  1 1  w««  doaels  I -20  kopt  at  lt'C  Id)  lyro*»  in  Mum  doaols 

(b)  lyre**  in  Weww  doaols  1-20  kopt  at  23*C  (a)  lyre**  in  Mww  blocks 

(c)  lyre**  in  Met*  doaols  01  -70  kspt  at  23*C  It)  fmd<  in  Mum  doaols 


(a)  Shallow  Tunnelling  (b)  Deep  Tunnelling 


Fig.5  The  two  shipworms  (a)  and  (b)  are  the  same  age.  For  some  reason  (a)  the 
long,  thin  one  tunnelling  just  below  the  surface  of  the  dowel  never 
developed  the  girth  to  accommodate  adductor  muscles  as  powerful  as  those 
of  (b)  its  short  fat  companion.  The  latter  is  able  to  tunnel  through  the 
hard  wood  near  the  centre  of  the  dowel  (which  still  contains  a  residuum 
of  undissolved  air),  but  its  progress  is  slower. 


Fig.6  Radiograph  and  accompanying  pen  and  ink  drawing  which  show  that  the  calcareous 
lining  is  not  everywhere  in  contact  with  the  tunnel  excavated  by  Lyrodus.  This 
condition  is  typical  of  tunnels  made  in  very  soft  wood. 

Note  the  dense,  white,  spherical  shape  of  the  valves  which  were  moving  whilst  the 
radiograph  was  being  taken.  Also  note  the  stationary,  paired  masses  of  developing  larvae 
associated  with  the  animal's  ctenidia  or  'gills'. 
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Inhibition  of  calciua  Mention  by  chuical  inhibitors  in 
shall  dwelling  organise 

A.  A.  Karande  and  K.  B.  Kanon 

Naval  Chaaical  and  Metallurgical  laboratory 
Lion  Gate,  Bombay  1 

Wood  an  taat  piacaa  of  Abias  pindrov  harbouring  hundred  or 
aora  stage  1  pedivellgers  vara  a i posed  to  the  graded  solutions  of 
chaaical  coapounda  in  500  al  crystalline  jars.  The  control  test 
pieces  vara  simultaneously  maintained  in  inhibitor- free  sea  water 
and  in  solutions  of  two  aora  chaaical  coa pounds  reported  as  having 
benaficial  affect  on  the  shell  building  process  aaongat  bivalvs 
aolluscs.  The  degree  of  inhibitory  action  of  a  compound  was  Judgsd 
by  its  ability  to  prevent  or  retard  the  impregnation  rate  of  calciua 
carbonate  in  the  aucous  film  lining  the  entry  holes  of  the  veligere. 

A  calciua  deposition  capacity  of  the  test  organisms,  as  Judged  by 
the  frequency  of  occurrence  of  growth  stages,  is  found  to  have 
retarded  with  the  increasing  concentration  of  each  of  the  ooapounis 
tested.  Nor  instance,  at  the  lowest  concentration  of  2,  4  dinitro- 
phenol  as  aany  as  67  p.c.  of  the  larvae  undergo  ooaplete  trans¬ 
formation  and  achieve  fourth  stage  of  growth  whereas  at  the  higher 
concentration  (.000125  M),  only  about  5  or  6  p.c.  of  thea  achieve 
fourth  stage. 

In  alaost  all  the  chaaical  inhibitors  screened  here,  the  test 
organise  survived  as  long  as  10  days,  that  being  a  normal  span  of 
Ilfs  of  a  vellger,  but  failed  to  deposit  adequate  CaCOj  which  is  mo 
vital  for  their  aetaaorphosis  and  growth.  The  investigation  under 
report  has  brought  out  that  the  shell  growth  of  the  aarine  organiass 
is  inhibited  by  certain  chaaical  coapounda  even  at  very  low 
concentration.  The  bioaasay  method  discussed  here  in  greater  details 
aay  prove  of  advantage  in  screening  the  natural  and  synthetic  chealcal 
coapounda  for  their  antifouling  efficacy. 


1.  Introduction 

Free  twinning  larvae  of  the  aarine  organise  like  barnacles,  tubewoiaa  or  aollmsean  bivalves 
become  a  fouling  asace  only  when  they  Mttle  and  secrets  their  oaloareous  shells.  It  is  now  well 
accepted  that  the  toxic  elsents  of  the  antifouling  paint  prevent  the  settleast  of  the  fouling 
organise  either  by  repelling  these  organiss  during  their  exploratory  movsents  on  the  aurfaoe 
or  by  lapairing  their  sse  vital  stabollo  activity  during  the  post  Mttlsst  growth.  The 
experience  with  toxic  copper  pignut  shows  that  it  is  tbs  latter  aeohanis  which  is  sore  effective 
in  preventing  the  aettlaaent  growth  of  the  aarine  organise.  This  was  very  fluently  explained  by 
the  experiautal  data  oollected  by  Crisp  and  Austin  (1 )'  who  concluded  that  the  failure  of  the 
young  barnacles  to  grow  on  copper  paint  was  due  to  the  inhibitivo  action  of  copper  on  the  oust¬ 
ing  of  the  shell  to  the  substratua.  De  Wolf  (2)  while  explaining  the  failure  of  Mttlsut  of 
barnacles  on  an  effective  antifouling  paint  also  asssed  that  the  aetaaorphosad  larva  preparing 
itMlf  for  the  building  of  a  calcareous  shell  was  poisoned  by  its  contact  with  the  paint  eoat. 
Wilbur  ())  and  others  who  worked  on  the  shell  deposition  characteristics  of  oysters,  noted  that 
micro  aolar  concentrations  of  chealcal  coapounds  like  2,  4  dlnitrophuol,  sulphanilulde  and 
modlua  fluoride  inhibited  oalcitas  deposition  rates  in  these  bivalves.  Kalends  (4)  who  reported 
on  the  natural  durability  of  one  tropical  timber  Tetrueles  nudlflora  also  obsrvsd  that  the 
inability  of  teredid  larvae  to  grow  in  this  timber  was  due  to  their  failure  to  deposit  oaloareous 
shells,  the  latter  being  very  vital  for  their  growth  und  the  sustenance. 


1  Figures  in  parentheses  indicate  the  literature  referuces  at  the  end  of  this  paper. 
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In  recent  years  attempts  are  being  made  to  increase  the  effectiveness  and  precise  toxic 
action  of  the  antifouling  paints.  Experience  to-date  has  shown  that  the  fouling  caused  by  the 
shell  dwelling  organisms  can  be  con«{d-rably  reduced  if  the  shell  building  mechanism  of  these 
organisms  is  effectively  interfered  »-ch  chemical  toxins.  A  use  of  more  specific  chemical 
inhibitors  in  anfifouTfng  coatings  •  avTng‘~oreciae  Inhibitory' action  on  The  shell  building 
capacity  of  the  fouling  organisms  may  therefore  prove  a  very  rewarding  area  of  research.  With 
an  objective  of  furthering  this  view,  laboratory  studies  were  carried  out  on  the  calcification 
characteristics  of  Teredo  furcifera  larvae  exposed  to  seven  chemical  compounds  reported  as  having 
inhibitory  effect  on  molluscan  shell  growth.  It  was  also  the  objective  of  thin  work  to  evolve  a 
suitable  methodology  and  technique  to  study  this  problem  in  greater  details. 

Earlier  we  have  reported  our  work  on  wood-borer  Teredo  furcifera  which  hat  bearing  on  the 
present  investigation.  This  work  which  is  not  fully  described  here  but  referred  to  frequently, 
includes  observations  on  the  breeding  of  this  species  in  captivity  (5),  use  of  its  larvae  as  the 
test  organisms  (6),  and  biology  of  this  species  in  Bombay  harbour  (7,  8). 

2.  Material  and  methods 

Teredid  larvae,  the  test-organisms  i  In  the  present  investigation  our  aii  was  to  examine 
the  inhibitory  action  of  toxins  on  the  calcium  carbonate  deposition  ability  of  the  marine 
organisms,  for  this,  use  of  teredid  larvae  (fig.  l)  as  the  test-organisms  was  considered  very 
satisfactory.  Veliger  larvae  after  initial  attacheaent  to  the  timber  substratum  undergo  rapid 
metamorphosis  and  become  young  worms  within  five  or  six  days.  During  its  early  growth,  the  larva 
builds  a  protective  calcareous  cone  over  its  entry  hole  (9) .  This  development  of  calcareous  cone 
(fig.  5)  which  is  achieved  within  first  48  hours  of  growth  since  the  attachement  to  the 
substratum  c«i  be  used  as  a  precise  indicator  of  the  calcium  secretory  activity  of  the  test- 
organisms. 

Preparation  of  veliger  bearing  timber  test  pieces  I  Timber  panels  immersed  in  the  raft  for 
a  period  of  7  or  8  weeks  and  harbouring  fully  matured  Teredo  furcifera  worms  were  removed  and 
placed  in  laboratory  aquaria  with  running  sea  water.  Veliger  larvae  obtained  from  these  worms 
were  used  for  the  present  experiments.  All  quantitative  experimental  studies  were  conducted  with 
the  "creeping"  larvae  obtained  from  worms  that  had  been  retained  in  the  tanks  for  not  more  than 
2  days. 

About  1,000  to  1,900  veligers,  all  measuring  285  «  in  site  were  placed  in  crystalline  Jars 
containing  artificial,  sterilised  and  filtered  sea  water.  The  larvae  were  allowed  to  attack 
3"xlV*V'  timber  pieces  of  Abies  pindrow  (fir)  for  a  period  of  24  hours.  The  larvae  and  the 
timber  pieces  were  discarded  if  the  settlement  of  the  former  was  delayed  beyonl  24  hours. 

Bio-assessment  method  t  for  assessing  the  influence  of  varying  salinity,  temperature  and 
calcium  levels  of  the  sea  water  medium  on  calcification,  replicates  of  the  test  pieces  holding 
not  less  than  hundred  totally  uncalcified  larvae  were  immersed  in  500  ml  crystalline  Jars, 
containing  artificial  sea  water.  A  period  of  exposure  was  48  hours.  The  larvae  in  the  test- 
pieces  were  examined  at  the  end  of  48  hours  experimental  period  under  Zeiss  binocular  microsoope. 
This  observation  involved  an  examination  of  the  calcareous  cone,  the  development  of  which 
proceeded  in  four  stages  described  below. 

Stage  I  i  Totally  uncalcified  larva,  (Fig.  l). 

Stage  II  i  Ill-developed  cone,  entry  hole  lined  with  mucous  material,  (Fig.  2). 

Stage  Hit  Partly  calcified  cone,  absence  of  bridge. 

Stage  IV  i  Fully  calcified  cone,  bridge  present,  (Fig.  }). 

Calcium  deposition  ability  was  expressed  as  the  percent^e  incidence  of  i&iividuals  vklah 
produced  fully  calcified  cones  (i.e.  stage  IV)  in  48  hours. 

After  ascertaining  the  laboratory  conditions  which  suited  the  most  for  calcification  of 
the  cones,  the  inhibitive  actions  of  chsmical  compounds  were  evaluated  by  a  method  essentially 
similar  to  one  detailed  above. 


}.  Results 


Effect  of  salinity  on  calcification  t  Samples  of  artificial  sea  water  having  salinity 
values  ranging  from  10  pot  to  40  ppt  were  prepared  and  veliger  bearing  timber  test-pieces  were 
exposed  to  these  salinities  for  a  period  of  48  hours.  Taole  1  summarises  the  degree  of 
calcification  at  the  end  of  experimental  period.  It  is  evident  from  this  table  that  calcificat¬ 
ion  activity  is  considerably  reduced  at  extreme  salinity  values.  At  salinity  values  ranging  from 
?5  pot  to  }5  oat,  over  80  p.c.  larvae  produce  fully  calcified  cones  (Stage  IV). 

Effect  of  temperature  on  calcification  t  The  rate  of  calcification  at  various  temperatures 
of  the  sea  water  meiium  was  ascertained.  It  is  noted  that  at  15°C  tne  calcification  is  completely 
arrested  and  almost  all  larvae  continue  to  remain  at  veliger  stage  not  only  for  a  period  of  48 
hours  but  even  longer  if  allowed  to  remain  at  that  temperature.  At  }8°C,  the  larvae  become 
moribund  and  perish  without  showing  any  signs  of  calcification.  Only  14  p.c.  larvae  bear  fully 
calcified  cone  at  J5°C.  A  sustained  calcification  is  supported  at  25°C  and  as  msny  as  87  p.c. 
larvae  bear  fully  calcified  cones. 

Effect  of  calcium  levels  on  calcification  l  Normal  sea  water  contains  400  mgs.  of  calcium 
oer  litre.  Table  2  summarises  the  rate  of  calcification  in  sea  water  medium  having  varying  levels 
of  calcium.  In  absence  of  calcium  or  in  a  medium  having  low  calcium  level  (100  mga/Ca/lit) 
calcification  is  comoletely  arrested.  Low  calcium,  however,  does  not  affect  the  deposition  of 
mucous  material  around  the  entry  noles  (s'ig.  2).  Calcification  rate  rises  steeply  between 
200  ^:a/lit  to  500  mgs/lit.  In  hypercalcium  sea  water  (above  600  mgs/lit)  calcification  rate  is 
considerably  arrested. 

Effect  of  timber  soecies  on  calcification  :  Our  experience,  both  at  the  test  sites  and  in 
the  laboratory,  snowed  that  the  early  metamorphosis  and  growth  of  teredid  larvae  considerably 
depended  on  the  species  of  timbers  the  larvae  elected  to  attack.  It  is  seen  that  in  timber  Abies 
pindrow  over  90  p.c.  larvae  build  fully  calcified  cones  in  48  hours  whereas  in  timbers  Sertulia 
companulata  an i  Kangifera  indica  calcification  is  delayed  for  over  a  period  of  4  days.  In  teredo 
resistant  timber  Tetrameies  nudiflora  (4)  calcification  is  not  acnieved  imtil  the  death  of  tha 
larvae. 

Effects  of  inhibitors  on  calcificatL  i  For  assessing  an  inhibitive  effeot  of  chemical 
compounds  on  calcification,  test  nieces  of  fir  holding  fully  uncalcified  larvse  were  subjected  to 
four  graded  concentrations  of  each  of  seven  compounds  examined.  The  salinity  of  the  sea  water 
medium  was  adjusted  to  26  ppt,  the  temperature  was  25°C,  pH  8.2  and  calcium  level  was  400  ^{s/lit. 
At  the  end  of  the  exoerimental  period,  Dercent  incidence  of  each  of  the  four  growth  stagee  at 
varying  concentrations  was  noted.  Typical  results  in  respects  of  two  compounds  vis.  2,  4  dinitro- 
ohenol  and  sodium  fluoride  are  given  In  Taole  J.  It  is  evident  from  the  table  that  with  the 
increasing  concentrations  of  Inhibitors  there  has  been  a  reduced  calcification  activity  in  the 
test  organisms.  For  example  at  lowest  concentration  of  .000125  M  of  2,  4  dinitrophenol  as  many 
as  70  p.c.  larvae  show  fully  calcified  cones  whereas  at  the  highest  concentration  mere  5  p.o. 
larvae  show  fully  calcified  cones.  A  graded  physiological  response  therefore  is  evident. 

Table  4  summarises  the  percent  incidence  of  only  fully  calcified  cones  in  four  graded 
concentrations  ot'  seven  compounds  screened.  It  is  observed  that  with  the  increasing  concentrat¬ 
ions  there  has  been  a  reduced  calcification  activity  in  the  larvae.  As  regards  two  compounds, 
sodium  succinate  ani  soli’im  maleate,  contrary  to  expectations,  no  enhancement  of  the  calcification 
rate  is  evident.  Oa  the  other  hani  it  is  poorer  than  that  noted  in  non- toxic  controls.  A  lack  of 
graied  response  (calcification)  to  increasing  concentration  is  also  evident  in  respect  of  these 
two  chemical  compounds. 

Inhibitors  ani  general  toxic  action  i  Chemical  compounds  screened  in  the  present 
investigation  are  *eoorted  to  have  a  specific  inhibitory  action  on  calcium  metabolism  and  are 
therefore  not  exoec'.ed  to  have  toxic  action  on  the  larvae.  That  tney  behave  as  envisaged  is  amply 
revealed  by  the  fact  that  none  of  these  compounds  at  the  concentrations  used  exert  lethal  effect 
on  the  test  organisms.  The  test  organisms  having  transferred  to  normal,  non-toxic  sea  water  at 
the  end  of  the  experimental  period  survived  for  more  than  three  or  four  days. 
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4.  Discussion 

Currently  used  antifouling  paints  contain  heavy  metal  toxic  compounds  of  copper,  arsenic  and 
mercury  which  provide  a  lethal  environment  that  may  repel  or  kill  fouling  organisms.  The  newer 
antifouling  paints  as  envisaged  by  Saroyan  (10)  aim  at  impairment  of  the  initial  attachment  of 
larva  either  by  chemical  or  other  means.  The  latter  possibilities  are  (a)  chemical  lousing-up  of 
adhesion  cement  (b)  use  of  wetting  or  surface  active  agents  interfering  with  proper  adhesion 
conditions  (c)  impairment  of  antennal  suction  cup  adhesion  mechanism.  All  these  possibilities 
aim  at  killing  of  the  larvae  before  their  transformation  into  an  young  adult  form.  The  control 
of  fouling  organisms  is,  however,  also  possible  or  perhaps  more  practical  when  these  organisms 
are  on  the  verge  of  fabricating  their  calcareous  basis  and  shell  encasements  as  a  consequence  of 
post  settlement  activity.  Enquiry  into  the  merits  of  such  an  approach  is  possible  only  when  more 
and  more  information  on  the  shell  building  characteristics  of  these  organisms  is  available. 

For  the  bioassay  method  usel  in  this  study  larvae  of  various  fouling  organisms  were 
considered  for  their  use  as  the  test  organisms.  Tne  iarvae  of  teredo,  however,  were  found  to  be 
most  suitable  material  by  virtue  of  the  fact  tnat  their  calcification  growth  under  certain 
predetermined  conditions  progressed  with  no  or  little  individual  variations. 

The  rate  of  calcification  of  the  larvae  varied  from  soacies  to  species  of  the  timber  and 
at  that  stage  of  growtn  largely  depended  uoon  the  density  of  the  timber.  Tirabsr  Abies  pindrow 
suonorted  uniform  calcification  growth  and  over  80  p.c.  of  the  settled  larvae  could  build  their 
calci'i":  carbonate  cone  within  a  snort  period  of  48  hours,  ^uayle  (9)  who  worked  on  Bankia 
setacea  reported  formation  of  a  complete  calcareous  cone  in  that  species  within  seven  days. 
Relatively  rapid  cone  formation  in  T.furcifera  proves  of  considerable  advantage  ainco  it  helps  to 
reduce  the  experimental  period. 

About  19  different  amino  acids  are  located  in  tne  shell  matrix  of  various  molluscan  species 
and  these  are  known  to  influence  crystal  type  formation  of  the  shell  (ll).  Salinity  changes 
wvinh  affect  amino  acid  concentrations  in  many  molluscan  species  (12)  may  thersfore  affect  shell 
formation  in  veliger  larvae.  Neff  (15)  who  studied  mineral  regeneration  in  serpulid  worms 
observed  that  in  these  worms  mineral  regeneration  failed  whan  salinity  was  below  20  ppt.  In 
larvae  of  T.furcifera  also  low  salinities  retarded  the  calcification  of  cone.  Calcification  rate 
remained  unchanged  at  salinities  ranging  from  25  ppt  to  55  ppt. 

A  correlation  of  environmental  temperature  and  crystal  tyoe  formation  of  the  molluscan  shell 
has  been  r»oorted  by  many  workers  ( 1 4) .  In  the  present  study  calcification  of  the  cone  at  15°C 
was  founl  to  be  comoletely  inhibited,  though  larvae  survived  at  that  temperature  for  a  considerable 
oeriod.  Calcification  did  not  progress  satisfactorily  at  55°C.  At  temperature  25°C,  correspond¬ 
ing  to  that  of  sea  water  for  most  part  of  the  year,  calcification  was  rapid  ani  complete. 

In  a  regenerating  adult  molluscan  shell,  calcium  comes  from  various  sources  like  mantle  (15), 
digestive  glands  ( 1 6) ,  the  Kidney,  the  blood  and  the  medium.  In  the  present  study  it  was  observed 
that  in  the  absence  of  total  calcium  in  the  medium  or  in  a  medium  having  low  calcium  (100  mgs/lit) 
there  was  a  complete  absence  of  calcification  activity.  Normal  calcification  activity  leading  to 
fully  developed  cone  was  noted  in  normal  sea  water  or  in  hypercalcium  sea  water  (500  mgs/lit). 

It  is  of  considerable  interest  to  note  that  lack  of  adequate  calcium  in  the  meiium  resulted  into 
failure  of  the  calcification  process  but  nbt  the  formation  of  a  mucous  layer  w-iich  supports  the 
impregnation  of  calcium  carbonate.  Bevelander  and  Benger  (17)  also  observed  aosence  of  calcificat¬ 
ion  activity  in  a  regenerating  shell  of  Isognomon  alatum  when  the  latter  were  exposed  to  calcium 
poor  sea  water.  The  organic  matrix  of  the  shell,  however,  continued  to  be  foned  under  thie 
cond it ion. 

Wilbur  (5)  haa  discussed  possible  mode  of  action  of  a  number  of  chemical  agents  on  calcium 
deposition  activity  of  molluscs.  For  Instance  Iodoacetate  and  fluoride  decrease  the  production 
of  respiratory  intermediates  which  provide  Cop  for  carbonate.  Dinitrophenol  decreases  th#  high 
energy  ohosoate  compounds  prssent  in  the  mantle  which  are  required  for  the  secretion  of  calcium 
carbonate  and  protein  synthesis.  Sulphonamides  may  inhibit  enzyme  carbonic  antydrase  whose 
presence  and  possible  participation  in  shell  formation  ie  suggested  by  Freeman  and  Wilbur  (18). 

We  examined  seven  of  these  inhibitors  and  these  at  very  low  concentrations  showed  appreciable 
inhibitory  effect  on  calcification  of  cone  in  veliger  larvae.  Interestingly  none  of  these 
compounds  exerted  any  toxic  action  on  the  teat  organisms  and  thereby  confirmed  their 
specificity  as  calcium  inhibitors. 
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Wilbur  and  Jodrey  (19)  who  examined  the  action  of  respiratory  substrate*  like  succinate, 
mmleate  and  oxaloacetate  observed  that  only  oxaloacetate  amongst  these  increased  calcium  deposit¬ 
ion  four-fold,  Maleate  and  succinate  had  no  significant  effect  on  oyster  shell  regeneration. 

In  our  studies  we  also  did  not  observe  any  appreciable  increase  in  the  shell  growth  of  valiger 
when  these  two  compounds  were  added  to  the  sea  water  aediua. 

for  the  bioassay  of  candidate  antifoulanta  settling  or  freshly  settled  larvae  euch  as 
cyprids  (or  pediveligers)  have  been  considered  an  appropriate  experimental  material  (2).  In  this 
laboratory  cyprids  of  seven  tropical  barnacle  species  including  those  of  Balanus  communis  (20)  and 
Balanus  variegatus  (21)  were  routinely  cultured.  However,  in  view  of  the  considerable  individual 
variations  in  the  rate  of  their  growth,  these  cyprids  could  not  be  used  with  a  desired  mivantage 
in  the  present  study.  In  toxicity  experiments,  where  a  decided  criterion  is  the  shell  building 
ability  of  the  organisms,  teredo  larvae,  as  judged  by  the  present  experiments,  have  been  proved  to 
be  a  very  useful  experimental  material. 
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Table  1  i  Effect  of  eallnity  on  the  growth  of  celcareous  cone 
of  Teredo  farcifera  larvae 


Salinity  (ppt) 

_  .  t 

Percent 

incidence  of  calcification  stages 

Stage  I  3 

_  » 

Stage  11 

!  Stage  III 

1 

i  Stage  IV 

Control 

5 

1 

0 

94 

10 

85 

10 

0 

5 

15 

71 

8 

0 

21 

20 

58 

12 

0 

50 

25 

6 

4 

0 

90 

50 

11 

10 

0 

79 

55 

5 

1 

0 

94 

40 

42 

5 

0 

55 

Table  2  t  Effect  of  calcium  level  in  the  aedlun  on  the  growth  of 
calcareous  cone  of  Teredo  farcifera 


Calcium 

ng/lit. 

1 

1 

1 

Percent  incidence  of  calcification  stages 

( 

1 

1 

Stage  I 

J  Stage  II 

i  Stage  III 

Stage  IV 

Nil 

9 

91 

0 

0 

100 

25 

75 

0 

0 

200 

58 

58 

2 

22 

500 

50 

0 

10 

40 

400 

14 

0 

0 

66 

500 

0 

0 

4 

96 

600 

74 

4 

2 

20 

Control 

7 

0 

0 

95 

Table  5  s 

Inhibitory  effect  of  Sodium  fluoride  and  2,  4  Oinitrophenol 
on  the  growth  of  calcareous  cones  of  Teredo  furcifera 

Sodium 
(.01  M) 

fluoride 

dilutions 

1 

J  Percent 

incidence  of  calcification  stages 

J  Stage  I 

3toge  II 

Stage  III 

Stage  IV 

25* 

24 

56 

0 

40 

50* 

28 

29 

0 

45 

75* 

21 

61 

0 

18 

100< 

91 

6 

0 

5 

(.*000125  M)  dilutions 

25* 

50 

0 

4 

66 

50* 

48 

0 

6 

46 

75* 

82 

5 

7 

6 

100* 

84 

6 

5 

•5 

Fi«.  3  Fully  davalopad  calclflad  conaa 
guarding  antry-holaa  of  tha 
larvaa. 
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On  the  Nutritional  Requirements  of  Wood-boring  Crustacea 


Helmut  Kiihne 

Bundesanstalt  fiir  Materialprtifung  (BAM) 
1  Berlin  45,  Unter  den  Eichen  87 


Wood  or  cellulose  serve  as  the  chief  nutrients  for  the 
wood-boring  marine  isopods  of  the  genus  Hwnnrie.  Algae 
(Entaromornha  Intestinalis  or  Dunaliella  sp.)  have  only 
a  low  nutritional  value  for  Llmnoria  trlpunctata  Menzies 
and  are  unable  to  substitute  for  wood.  Algal-free  sus¬ 
pended  matter  with  marine  microorganisms  do  not  serve 
as  food  for  1. trlpunctata.  The  alga  E. intestinalis  has 
also  only  a  low  nutritional  value  for  the  wood-aestrDy- 
ing  amphipod  Chelura  terebrans  Philippi.  The  wood-bor- 
ingfl-sopods  Sphaeroma  terebrans  Bate  and  8 . ouovana  Milne 
Edwards,  however,  were  able  to  survive  even  when  they 
were  exclusively  fed  on  E. intestinalis.  They  fed  on  al¬ 
gae  and  wood  when  they  were  offered  both.  The  following 
Australian  isopods  and  an  amphipod  occurring  in  brackish 
water,  which  have  hitherto  not  been  known  as  wood  destroy¬ 
ers,  may  also  feed  on  woodi  Exo sphaeroma  alata  Baker. 
SvncasBldlna  aeatugria  Baker,  (/lllcaeops'is  sp.,  Iala  sp. 
and  Orchestla  sp.  They  could  be  kept  for  one  year  when 
fed  on  wood.  Iala  is  a  commensal  of  B.QUovana  and  S. te¬ 
rebrans. 

Key  Words t  trlpunctata.  Chelura  terebrans . 

Sphaeroma  terebrans.  Sphaeroma  cuorana,  Exosphae- 
roma  alata.  Syncassldina  aestusrja.  Oillcaeopsis 
bp..  Iala  sp.,  Orchestla  sp.  |  wood  and  algae  as 
nutrient  sources. 


1.  Introduction 

It  is  known  that  the  wood-boring  Crustacea  of  the  genera  Limnorla  and  Che¬ 
lura  feed  on  wood  and  that  decay  of  the  wood  may  increase  its  nutritional 
value  (1,  2)'.  Vind,  Hochman  and  Muraoka  (3)  are  of  the  opinion  that  Lim- 
noria  additionally  utilises  protozoa  and  marine  microorganisms  when  clean¬ 
ing  their  pleopodB.  PhTeni  tnnm-i  m  which  is  closely  related  to  the  genus 
Limnorla  feeds  exclusively  on  sea-weeds  (4).  The  question  is  still  contro¬ 
versial  whether  the  wood-boring  species  of  the  sphaeromatids  burrow  in  wood 
solely  for  protection  or  also  for  feeding  (3).  Additional  algal  food  seems 
to  be  indispensible  at  least  for  Sphaeroma  terebrans  (6). 

In  order  to  find  an  answer  to  these  questions,  feeding  tests  were  carried 
out  with  selected  species  of  these  groups  of  wood-boring  Crustacea.  Experi¬ 
ments  with  Llmnoria  were  concentrated  on  determining  the  nutritional  value 

•a - 

Figures  in  parentheses  indicate  the  literature  reference  at  the  end  of 
this  paper. 
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of  marine  microorganisms  and  algae.  Algae  were  fed  also  to  Chelura.  and 
tests  were  made  with  Snhaeroma  to  find  out  whether  algae  constitute  an  im¬ 
portant  food  source  besides  timber.  In  addition,  the  nutritional  require¬ 
ments  of  some  Australian  Crustacea  which  were  found  associated  with  Sphae- 
roma  in  wood  in  brackish  water  were  examined. 


2.  Materials  and  Methods 

The  specimens  of  i^mnnr-tn  tripunctata  Menzies  and  Chelura  terebrans  Phi¬ 
lippi  used  for  the  experiments,  originated  from  animals  of  the  Mediterra¬ 
nean  which  had  been  cultured  for  some  years  in  the  BAM  in  artificial  sea¬ 
water  (salinity  35  £•)  at  a  temperature  of  22-23°  C  in  the  dark.  The  tests 
were  carried  out  under  the  same  conditions. 

Ten  medium- si zedmiimals  were  placed  in  a  Petri  dish  (0  6  cm)  containing 
appr.  13  ml  seawater.  Samples  (appr.  1  cm  x  2  cm  area)  of  the  substances 
listed  served  as  nutrient  substrates.  Data  not  included  in  the  table  1  are 
as  follows  t 

Bacterial  filter  consisting  of  cellulose  nitrate  (Sartorius  membrane  fil¬ 
ter  SM  11  308)  |  filter  paper  consisting  of  a-cellulose,  low  in  nitrogen 
(Carl  Schleicher  and  Scmiil,  No. 2095)  I  ^ir  sapwood  (Abies  pectinate  DC.) 
sterilised  by  autoclaving  j  Dunaliella  sp . ,  a  unicellular  flagellate 
algai  Snteromorpha  intestlnalls.  a  green  alga.  For  those  tests  which 
should  be  carried  out  under  aseptic  conditions,  the  nutrient  Bubstrate 
and  the  Petri  dishes  were  sterilised  and  the  seawater  autoclaved  or  fil¬ 
tered  with  a  bacterial  filter.  Dishes,  water  and  nutrient  substrate  were 
changed  every  two  days.  The  tests  lasted  for  at  least  12  weeks,  a  period 
that  limnoriids  free  of  food  materials  do  not  survive. 

The  Australian  wood-boring  Crustacea  originated  from  brackish  waters 
ranging  between  Sydney  and  Brisbane.  Tests  with  these  animals  were  carried 
out  in  aerated  8-1  aquaria  and  in  Petri  diBhes  (0  6  cm).  The  Petri  dishes 
and  the  aquaria  containing  only  wood  were  set  up  in  the  dark  at  a  tempera¬ 
ture  of  22-23°  C$  salinity  was  25-30  %• .  Part  or  the  newly  hatched  animals 
were  placed  in  two  aquaria  containing  algae  and  wood  in  full  daylight  at 
22  and  25°  C.  At  22°  C  I.intestinalis  grew  on  the  wood,  and  at  25°  C  the 
water  was  rich  in  Dunaliella.  Pine  sanwood  (Pinus  sylvestris  L.),  £  .  la¬ 
test  inali  a  and  frasa  of  Lyrodua  pedlcellatus  {Jutrfgs.  were  used  as  nutrient 
substrates  for  those  tests  which  were  carried  out  in  Petri  dishes  (see 
table  2).  The  Petri  dishes  were  examined  three  times  a  week  during  the 
first  month  and  once  or  twice  a  week  later  in  the  test.  Half  the  water  in 
the  aquaria  was  replaoed  every  two  weeks  and  the  frees  was  partly  removed. 
The  species  of  Crustacea  investigated  are  mentioned  in  the  resulB. 


3.  Besults 

The  results  of  the  tests  with  Li«innr<«  may  be  seen  in  table  1.  The  average 
period  of  survival  of  unfed  animals  is  appr.  5  weeks.  It  is  independent  of 
the  amount  of  microorganisms  present  in  the  water  and  the  frequency  rate 
at  whioh  the  animals  are  transferred.  Neither  was  the  average  period  of 
survival  of  L.  tripunctata  increased  when  the  animals  were  fed  with  sus¬ 
pended  matter  which  was  eliminated  from  the  aquaria  by  means  of  a  bacterial 
filter  and  which  contained  microorganisms  but  no  algae.  The  bacterial  fil¬ 
ter  of  oelluloae  nitrate  could  also  not  be  utilised. 

When  cellulose  filter  paper  was  offered,  however,  the  average  period  of 
survival  increased  noticeably.  No  difference  could  be  observed  between 
those  samples  which  were  kept  sterile  and  those  which  were  not  kept  ste¬ 
rile.  On  the  other  hand  there  was  a  remarkable  difference  in  the  period 
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of  survival  between  those  animals  which  were  transferred  every  two  days  and 
those  which  were  not  transferred.  These  results  call  for  a  critical  evalu¬ 
ation  of  the  investigations  on  the  influence  of  microorganisms  on  Limnoria. 
When  the  number  of  microorganisms  with  which  the  animals  come  into  contact 
is  kept  as  low  as  possible,  the  seawater  and  the  nutrient  substrate  must  be 
replaced  quite  frequently,  i.e.  the  animals  must  frequently  be  transferred. 
However,  on  substrates  with  a  nutritional  value  the  adverse  effects  of  re¬ 
peated  transfers  are  greater  than  a  possible  influence  of  microorganisms. 

As  can  be  anticipated  wood  has  a  higher  nutritional  value  than  filter  pa¬ 
per. 

When  Dunaliella  was  offered  to  the  animals  their  average  period  of  survival 
increased  with  regard  to  the  starvation  controls, but  not  at  the  same  rate 
as  with  filter  paper.  When  algae  were  offered  in  addition  to  filter  paper, 
this  did  not  improve  the  conditions  of  survival.  The  alga  Enteromorpha  pro¬ 
longed  the  period  of  survival  at  the  same  slow  rate  as  Dunaliella. 

The  average  period  of  survival  of  the  wood-boring  amphipod  Chelura  tere- 
brans  could  likewise  only  nearly  be  doubled  with  regard  to  the  starvation 
controls  when  Snteromorpha  was  offered.  The  average  period  was  extended 
from  12  days  (extreme  value  20  days)  to  20  days  (extreme  value  40  days). 

The  results  of  the  tests  with  the  sphaeromatids  are  presented  in  table  2. 

In  evaluating  these  results  it  should  be  considered  that  only  newly  hatched 
animals  were  used  which  exhibit  a  high  mortality  rate,  and  that  the  optimum 
temperatures  and  ranges  of  salinity,  for  these  species  are  not  known.  More¬ 
over,  the  number  of  animals  available  for  the  tests  was  less  than  those  of 
the  limnoriids.  The  values  of  the  longest  period  of  survival  are  thus  more 
important  than  the  average  values.  Sphaeroma  terebrans  Bate,  B.quovana 
Milne  Edwards  and  Oilicaeopsis  sp.  survived  longer  when  they  were  offered 
Enteromorpha  instead  of  wood.  Exo sphaeroma  alata  survived  longest  on  a 
wood  and  algae  diet.  The  fraas  of  ahipwoxis  with  which  the  species  were 
associated  in  the  wood,  was  of  no  nutritional  value.  The  frass  was  examined, 
as  Chelura  is  known  to  be  coprophagous  (7). 

S. terebrans  (fig.  1  and  2).  the  commonest  and  most  important  wood  destroyer 
among  the  sphaeromatids  (8)  is  most  difficult  to  culture.  After  a  period  of 
6  months  individual  young  animals  were  still  present  in  the  aquaria  with 
wood  and  with  wood  and  algae.  A  third  generation,  however,  did  not  develop. 

B.quoyana  has  also  been  known  as  a  wood  destroyer  (9,  10)  (fig. 3).  The 
species  which  is  bigger  than  S.terebranB.  has  an  arcuate  pleotelson  and 
only  4-5  teeth  on  the  uropods  (fig. 4).  The  species  lived  up  to  6  months 
in  the  aquaria  with  wood  only.  Young  animals  developed  also  when  they  were 
kep«  exclusively  on  algae  (fig. 5).  *ig.6  shows  the  first  signs  of  burrows 
of  young  B.  terebrans  and  B.ouovana.  But  both  species  finally  settled  on  a 
piece  of  timber  with  old  galleries  of  Teredo . 

E. alata  exhibits  a  marked  sexual  dimorphism.  It  is  well  camouflaged  by  the 
wood.  The  adult  males  have  Btrongly  broadened  uropods  and  a  sharply  pointed 
pleotelson  (fig. 7),  while  the  females  have  normal  uropods  (fig. 8).  The  spe¬ 
cies  developed  in  the  aerated  aquaria  when  i't  was  fed  on  wood  alone  or  on 
wood  and  algae.  The  third  generation  is  still  surviving  after  12  months. 

The  yet  unidentified  species  Cilioaeopsis  (fig. 9)  seems  to  prefer  algae. 

It  propagated  well  in  the  two  aquaria  containing  algae  and  wood.  However, 
the  animals  also  feed  on  the  softened  exterior  parts  of  wood.  When  a  num¬ 
ber  of  newly  hatched  animal b  was  kept  on  wood  only,  one  animal  survived 
for  more  than  150  days. 
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Unlike  the  Cilicaeopsis  species  Cassidina  aestuarla  Baker  (fig. 10)  which 
resembles  scale  insects,  clings  firmly  to  the  wood  surface.  It  rasps  off 
wood  without  building  galleries.  Algae  are  not  eaten.  Cassidina  develops 
and  propagates  in  the  aquaria  with  wood  as  the  only  food  source  even  after 
12  months. 

After  the  same  period  the  small  animalB  of  an  unidentified  species  of  the 
genus  Iais  still  lived  abundantly  with  wood  as  the  sole  food.  In  the  pre¬ 
sence  of  S. terebrans  and  S.auovana  Iais  is  a  commensal  of  these  two  spe¬ 
cies  (fig.11).  Large  numbers  may  populate  the  ventral  side  of  Sphaeroma 
species  where  they  profit  from  the  wood  rasped  off  by  the  host.  When  they 
propagate  too  strongly,  however,  they  adversely  affect  the  hosts,  which 
suffer  from  lack  of  oxygen. 

The  only  representative  of  the  amphipods  which  survived  a  12-month  wood 
diet  was  a  species  of  the  genus  Orchestia.  The  animals  rasp  off  wood  irre¬ 
gularly  and  are  probably  also  coprophagous. 


4.  Conclusions 

The  test  results  indicate  that  marine  microorganisms  and  algae  are  not 
important  for  Limnoria  and  Chelura.  but  that  they  play  an  important  role 
as  additional  food  sources  for  sphaeromatids .  Wood  preservatives  acting 
as  stomach  poisons  alone  can  therefore  be  expected  to  be  lees  effective 
against  Sphaeroma  than  against  Limnoria  species  feeding  exclusively  on 
wood.  The  number  of  species  of  wood-boring  Crustacea  in  subtropical  and 
tropica^torackish  waters  is  probably  higher  than  is  so  far  known. 
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Table  1.  The  effect  of  nutrient  substrates,  microorganisms  of  the  sea¬ 
water  and  conditions  of  handling  the  animals  upon  survival  of  Llmnorla 
trlpunctata  Menzies  at  22-23°  C.a' 


Nutrient 

Substrate 

Mean  time  of  survival  in  days 
(minimal  and  maximal  time  of  survival) 

[number  of  animals  surviving  at  the  end  of  the  testj 

seawater  and  substrate  changed 
every  2  days 

seawater  un¬ 
treated, 
changed  weekly; 
substrate  not 
changed 

seawater 

autoclaved 

seawater 

filtered 

seawater 

untreated 

Polyamide0^  fabric 
Starvation  control) 

34 

(19. ..65) 

41 

(13... 69) 

36 

(7... 69) 

37 

(17... 79) 

bacterial  filter^* 
filtered  substances 

,  37  V 

(11. ..61) 

NT 

NT 

NT 

sterile  bacterial 
filter  d> 

38 

(9. -.73) 

NT 

NT 

NT 

filter  paper 

47 

(13. ..68) 
CO] 

(15... 63) 

fo) 

47 

(9. ..86) 
[0] 

>78 

(9... >148) 

[5] 

fir  sapwood 
(autoclaved) 

c.65 

(5. ..>148) 
[1] 

73 

(9. -.148) 

[0] 

NT 

>94 

(23... >148) 

[13j 

Punaliella  on 
polyamide  c>  fabric 

NT 

NT 

NT 

69 

(32... 106) 

.Punaliella  s 
on  filter  paper  ' 

NT 

NT 

NT 

>74 

(8... >122) 

[5] 

Enteromorpha 

intestinalis 

NT 

NT 

NT 

c.57 

(7. ..>84) 

[1] 

NT  «  not  tested 

a)  each  group  consisting  of  40  animals 

b)  with  a  bacterial  filter 

c)  Perlon 

d)  consisting  of  cellulose  nitrate 

e)  consisting  of  cellulose 


818 


Table  2.  Survival  of  some  newly  batched  Australian  sphaeromatids  on 
different  nutrient  substrates  In  artificial  brackish  water.  a; 


Species 

Mean  time  of  survival  in  days 
(minimal  and  maximal  time  of  survival) 

[number  of  animals  tested] 

starvation 

control 

nu 

pine 

sapwood 

trlent  substi 
piteromorpha 

'ate 

pinewood  + 
Enteromoroha 

frass  of  Itvro- 

intestinalis 

dus  nedicella- 

tU8 

Sphaeroma 

terebrans 

16 

(2... 27) 
[19J 

23 

(6.. .49) 
[11] 

36 

(7... 93) 
[11] 

26 

(6.. .52) 
[12] 

6 

(3;m16) 

[6J 

Sphaeroma 

auoyana 

21 

(9... 33) 
[12] 

24 

CB...J6, 

>8  7b) 

(54... >120) 

t6J 

27 

(8... 50) 

!>] 

17 

(6... 29) 

[6J 

Exo sphaeroma 

alata 

39°  J 

(26.fi.58) 

:5i*f 

(8.??42) 

[6] 

(3.^175) 

[3] 

(3]?. 36) 

[6J 

Cilicaeopsis 

sp. 

15 

(4... 37) 
[16] 

32 

:i7^.4a: 

to 

40 

(3.. .113) 
[6] 

54 

(42.. .71) 
[3] 

21 

(8... 34) 

L6J 

a)  Salinity  25. ..30  %• ,  temperature  22.. .23°  C. 

b)  One  of  the  two  surviving  animals  was  kept  on  wood  for  a  further 
30  days  and  the  other  for  75  days  before  they  died. 

c)  These  animals  were  older  than  the  average  used  and  in  addition 
cannibalism  occurred. 


Fig.  1.  Wood  infested  by  Sphaeroma  terebrans  bate.  -  Fig 
terebrans  (Sphaeromatidae",  Group  Hemibranehi  atae) .  -  Fig 
by  Sphaeroma  quoyana  Milne  Edwaras.  -  Fig.  4.  Sphaeroma 
matidae,  Group  ‘Heml¥ranchiatae) .  -  Fig.  Sphaeroma  ^uo 
mals  feeding  on  Enteroraorphi1-  -  Fig.  b.  First  traces  of 
animals  of  Sphaeroma  terebrans  and  S. quoyana  on  pine  cap 
Exosphaeroma  alata  Baker,  adult  male  (Sphaeromatidae,  Gr 
tae).  -  Fig.  8.  Exosphaeroma  alata,  female.  -  Fig.  9*  yi 
female  (Sphaeromatidae ,  "Group  Hemibranchiatae) .  -  Fig.  1 
aestuaria  Baker  (Sphaeromatidae ,  Group  Platybranchiatae) 
Sphaeroma  terebrans  with  Iais  sp.  (Jaeridae^. 
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Discussion 


Turner .  Harvard  University;  Did  your  Sphaeroma  terebrans  come  from  Sydney  Harbour? 

Kuhne :  The  collectiona  came  from  alx  localities  between  Brisbane  and  Sydney  and 
Sphaeroma  terebrans  were  found  in  three  of  them. 

Turner:  Styrafoam  floats  used  for  our  tests  in  Sydney  Harbour  were  severely  at¬ 

tacked  by  Sphaeroma  terebrans .  Perhaps  you  could  use  this  type  of  inert  substrate 
in  your  feeding  experiments.  Specimens  living  in  styrafoam  certainly  are  not  get¬ 
ting  any  wood  in  their  diet.  Martesia  striata  are  the  only  other  borers  I  have  found 
that  live  in  it. 

Kuhne:  I  do  not  know  the  optimum  temperature  for  this  species  and  perhaps  my  tem¬ 

perature,  which  was  25*C,  was  too  low. 

Turner:  That  should  be  about  right  for  specimens  from  that  area.  They  would 

experience  lower  temperatures  in  the  winter  and  perhaps  a  bit  higher  in  the  summer 
in  the'  Sydney  area. 

Dean.  Duke  University:  In  booh  of  your  experiments  you  were  feeding  your  crustaceans 
fairly  nitrogen  deficient  substrates  which  you  were  changing  every  two  days,  so  pre¬ 
sumably  there  was  no  chance  for  extensive  microbial  buildup  on  the  surface.  Do  you 
think  the  survival  time  was  limited  by  the  Inability  of  the  crustaceans  to  get  suf¬ 
ficient  nitrogen  or  do  you  think  they  have  some  other  adaptation  for  getting  adequate 
nitrogen  nutrition  even  under  those  conditions? 

Kuhne :  I  believe  the  main  reason  for  poor  survival  was  frequent  disturbance.  We 

had  an  idea  of  the  concentration  of  micro -organ  iems  in  the  water  we  used  for  the  ex¬ 
periments  so  we  sterilized  the  water,  wood  and  dishes  but  we  could  not  sterilize  the 
animals.  Consequently  at  the  beginning  of  the  test  we  had  about  200  bacteria  par 
milliliter  while  normal  wafer  had  about  1,000  per  milliliter.  Our  'sterilized' 
cultures  then  had  about  one-fifth  as  many  bacteria  as  normal  water  but  in  two  dayr 
it  nearly  reached  the  level  of  normal  water.  Consequently  we  had  to  change  the  cul¬ 
tures  every  two  days  and  this  was  harmful  to  the  animals.  The  question  of  nitrogen 
is  often  mentioned  in  the  literature  but  I  am  not  sure  where  they  get  it. 
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Settling  of  Larval  Shipworms,  Teredo  navalis  L.  and  Bankia  gouldi 
Bartsch,  Stimulated  by  Humic  Material  (Gelbstolf ) 


John  L.  Culliney 


Museum  of  Comparative  Zoology 
Harvard)  University 
Cambridge,  Massachusetts  02138 


Pediveliger  larvae  of  Teredo  navalis  and  Bankia 

fouldi  show  settling  and  crawling  behavior  when  exposed 
o  humic  material  (Gelbstoff)  in  admixtures  of  bog 
water  and  sea  water.  The  behavioral  response  in  this 
case  appears  identical  to  that  exhibited  when  the 
larvae  encounter  wood,  their  natural  substratum.  These 
observations  imply  that  shipworm  larvae  sense  dissolved 
substances  derived  from  the  decomposition  of  wood  in 
terrestrial  humic  material.  Also  implied  is  that 
under  normal  conditions,  larvae  detect  wood  in  the 
marine  environment  largely  through  chemosensory  means. 
However,  T.  navalis  appears  to  be  so  sensitive  to  the 
presence  of  Gelbstoff  that  its  normal  dispersal 
may  be  reduced  in  estuaries  with  high  concentrations 
of  humic  material. 

Key  Words:  Larvae;  Teredo;  Bankia;  Gelbstoff; 
settling  behavior;  shipworm 


1.  Introduction 

A  number  of  kinds  of  marine  invertebrate  larvae  are  known  to  exhibit 
settling  responses  to  substrata  which  are  suitable  for  their  adult  growth. 

In  these  cases,  settlement  appears  to  be  stimulated  by  a  property  or  small 
set  of  properties  identifying  the  particular  substratum  as  one  that 
supports  healthy  adult  populations  of  the  species  C 1— S )* . 

Implied  in  these  studies  is  the  idea  that  the  mechanism  by  which  a 
species  recognizes  its  proper  substratum  has  evolved  into  a  nearly  fool¬ 
proof  ecological  process.  However,  in  this  paper,  I  will  present  evidence 
that  the  settling  response  of  shipworm  larvae  may  be  triggered  in  the 
absence  of  wood  when  the  larvae  encounter  admixtures  of  sea  water  and  ground 
water  containing  high  concentrations  of  humic  material  (Gelbstoff). 

2.  Materials  and  Methods 

Larvae  were  reared  following  the  basic  methods  of  Loosanoff  and 
Davis  (6).  They  were  fed  small,  naked  flagellates,  chiefly  Isochrysis 


‘The  numbers  in  parentheses  refer  to  the  list  of  references  at  the  end 
of  this  paper. 
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galbana  Parke  at  concentrations  of  5  x  10**  to  1  x  10s  cells/cc.  All 
cultures  were  approximately  two  liters  in  glass  jars,  maintained  at 
26  i  1*C  and  32  t  1  %  salinity.  Sea  water,  clean  glass  jars  and  food  were 
renewed  daily. 

Larvae  used  in  experimentc  were  those  displaying  the  foot  as  they  swam, 
indicating  they  were  ready  to  settle.  T.  navalis  larvae  came  from  two 
different  female  parents.  B.  gouldi  larvae  originated  from  an  undetermined 
number  of  parents. 

Dilutions  containing  humic  material  were  prepared  by  mixing  filtered 
sea  water  with  filtered  water  from  a  small  pool  in  a  cedar  bog  in  Wenham, 
Hassachusetts.  The  dark,  tea-colored  water  from  this  pool  was  quite 
acidic,  pH  =  4.2.  The  bog  was  situated  at  the  foot  of  a  hill  covered 
with  a  forest  of  white  pine,  Pinus  strobus .  The  bog  vegetation  was  dominated 
by  Atlantic  white  cedar,  Chamaecyparis  tKyoides ,  some  of  which  grew  in  the 
pool  itself.  Only  fresh  bog  water  was  used  in  experiments  which  were 
carried  out  the  same  day  as  the  water  was  collected. 

Salinity  controls  were  prepared  by  substituting  distilled  water  for  bog 
water  in  the  mixture  with  sea  water.  pH  controls  were  prepared  by  adjusting 
the  pH  of  sea  water — distilled  water  mixtures  with  HC1. 

3.  Observations  and  Results 


The  Settling  Response 

In  laboratory  cultures,  swimming  pediveliger  larvae  of  a  variety  of 
species  of  teredinids  respond  to  the  presence  of  wood  by  suddenly  retracting 
the  velum  and  sinking  rapidly  to  the  bottom  of  the  culture.  They  then  begin 
to  crawl  actively  in  a  characteristic  manner  superficially  resembling  the 
movements  of  a  geometrid  caterpillar,  a  rhythmic  series  of  extensions  and 
retractions  of  the  slender  muscular  foot. 

The  dramatic  effect  of  wood  in  inducing  settling  and  crawling  behavior 
was  first  noticed  when  I  placed  a  small  piece  of  sea-water-soaked  pine  in 
a  culture  of  swimming  Teredo  navalis  pediveligers.  A  number  of  larvae 
inimediately  settled  to  the  bottom  of  the  culture  vessel  and  on  the  wood  and 
began  to  crawl.  Gentle  stirring  of  the  culture  with  the  piece  of  wood 
caused  many  more  to  settle  and  crawl.  The  same  settling  response  was  then 
observed  with  Bankia  gouldi.  Simple  mechanical  stimulation  was  ruled  out 
as  a  cause  of  the  response,  since  stirring  the  culture  with  a  glass  rod 
never  caused  settling  and  crawling. 

This  generalized  response  to  the  near  presence  of  wood  has  since  been 
observed  in  numerous  other  species  of  shipworms,  both  oviparous  and 
larviparous.  In  some  cases,  larvae  do  not  respond  until  they  physically 
contact  the  wood;  in  others,  the  response  is  definitely  noted  when  larvae 
are  within  a  centimeter  of  the  surface  of  the  wood.  Individual  responsive¬ 
ness  within  a  species  may  vary  widely.  Among  species,  those  with  a  long¬ 
term  larviparous  l:..f®  history  appear  less  immediately  responsive  than 
others.  This  same  group,  on  the  other  hand,  shows  spontaneous  crawling 
behavior  in  the  absence  of  wood  far  more  than  larvae  of  oviparous 
(planktotrophic)  species. 

The  Response  to  Gelbstoff 

Two  simple  experiments  were  set  up  to  examine  larval  reactions  to  humic 
material  in  sea  water.  In  Experiment  1,  two  parts  filtered  bog  water  were 
added  to  three  parts  filtered  sea  water  (40%  dilution).  Individual 
pediveliger  larvae  f  Teredo  navalis  and  Bankia  gouldi  were  then  pipetted 
into  250  ml  of  ex'  mental  (bog  water  dilution)  and  control  (distilled 
water  dilution)  s  x*  ns  and  another  control,  consisting  of  a  small  piece 
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of  wood  in  250  ml  of  full-strength  sea  water.  Each  larva  was  then  observed 
for  one  minute  and  its  behavior  was  recorded.  About  halfway  through  the 
experiment,  the  pH  in  the  control  solution  was  reduced  to  more  closely 
simulate  the  experimental  solution  and  the  "wood  control"  was  discontinued. 
The  results  of  Experiment  1  are  shown  in  Table  1. 

In  Table  1,  each  entry  represents  the  sequential  activities  of  an 
individual  pediveliger  during  the  one-minute  period  of  observation.  A 
positive  settling  response  is  designated  as  C  or  C1.  This  indicates  the 
animal  actually  crawled  or  began  to  crawl.  The  other  categories  of 
activities  do  not  represent  a  true  settling  response. 

From  Experiment  1,  it  is  easy  to  see  that  Gelbstoff  in  sea  water  is 
a  powerful  stimulus  to  larvae  to  settle  and  crawl.  Almost  no  effect  can 
be  attributed  to  reduced  salinity  and  reduced  pH.  Furthermore,  Gelbstoff 
seems  to  affect  T.  navalis  far  more  than  B.  gouldi. 

Experiment  2  tested  longer-term  effects  of  the  bog  water/sea  water 
mixture  on  the  larvae.  A  lesser  dilution  (20%)  was  prepared  from  one  part 
bog  water  to  four  parts  sea  water,  making  250  ml  of  experimental  solution 
in  each  of  two  cultures.  Fifteen  larvae  of  each  species  were  pipetted 
into  the  separate  containers  of  Gelbstoff  solution.  Observations  were  made 
of  crawling  activity  at  intervals  for  a  period  of  45  minutes.  These 
observations  are  summarized  in  Table  2. 

Experiment  2  gives  further  evidence  that  T.  navalis  is  more  strongly 
stimulated  by  the  Gelbstoff  than  is  B.  gouldi.  That  the  Gelbstoff  is 
apparently  non-toxic  is  shown  by  the  fact  that  all  the  larvae  in  the 
Experiment  2  containers  were  alive  and  most  were  swimming  after  two  days. 
None  were  crawling  at  this  time. 


4.  Discussion 

Gelbstoff  in  coastal  waters  appears  to  be  at  least  partly  derived  from 
the  decomposition  of  woody  plants  in  moist  forest  soils,  fresh  water  lakes 
and  bogs.  Another  probable  source  is  metabolites  of  algae,  especially  the 
Phaeophyta  (7-9).  The  relationship  between  decomposing  wood  and  Gelbstoff 
makes  the  settling  response  of  shipworm  larvae  understandable  as  induced 
by  a  chemical  stimulus  from  dissolved  wood-derived  compounds  in  sea  water. 

My  field  observations  (unpublished)  of  shipworm  activity  over  a  three- 
year  period  in  the  Newport  Estuary  near  Beaufort,  North  Carolina,  show 
that  depletions  and  conspicuous  absences  of  new  recruitment,  especially 
T.  navalis ,  are  correlated  with  the  presence  of  Gelbstoff.  Dark  colored 
acidic  water,  rich  in  humic  material,  is  characteristic  of  low-lying 
coastal  drainage  areas  of  North  Carolina  (10).  Storms  flush  this  material 
from  surrounding  swamps  into  estuarine  waters,  staining  them  dark  yellow- 
red. 

After  tropical  storm  Alma  in  June  1966,  recruitment  of  T.  navalis  was 
completely  eliminated  in  most  of  the  Newport  Estuary  for  over  five  weeks, 
at  a  time  of  year  when  this  species  normally  sho^s  the  heaviest  settlement. 
Bankif.  gouldi  recruitment  was  much  less  affected.  The  effects  of  the  storm 
were  it  lif'ested  for  several  days  throughout  the  Estuary  in  reduced  salinity 
and  reddish-colored  water.  The  salinity,  however,  did  not  fall  low  enough 
to  be  deleterious  to  the  larvae,  as  I  have  determined  in  experiments  to  be 
published  elsewhere. 

In  another  example,  recruitment  of  T.  navalis  at  a  station  near  the 
mouth  of  a  small  creek  containing  highly- colored ,  acidic  fresh  water  was 
unusually  low  and  much  less  than  that  of  B.  gouldi.  At  a  neighboring 
station  in  the  center  of  the  broad  estuary,  T.  navalis  recruitment  was 
greater  by  a  factor  of  up  to  40,  even  exceeding  that  of  B.  gouldi. 
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The  results  of  my  Experiments  1  and  2  suggest  that  in  an  estuary 
containing  high  concentrations  of  Gelbstoff  the  pediveliger  larvae  of 
Teredo  naval is  may  be  stimulated  to  settle  in  the  absence  of  wood.  This 
would  reduce  the  numbers  of  larvae  eventually  reaching  wood  by  inhibiting 
or  retarding  their  dispersal.  Furthermore,  larvae  settling  on  a  barren 
bottom  would  be  unnecessarily  exposed  to  predators,  parasites  and  diseases, 
and  potentially  deleterious  chemical  and  physical  environments. 

Further  research  on  the  Gelbstof f-induced  settling  response  will  involve 
standardizing  the  humic  material,  investigating  threshold  concentrations, 
acclimation  and  other  aspects  of  larval  physiology  and  behavior. 
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Discussion 


Robert  Dean.  Duke  University:  If  humic  materials  are  derived  from  the  breakdown 

of  plant  products  then  it  is  possible  that  they  may  be  responding  to  a  water  soluble 
extractive  of  wood,  perhaps  the  same  one  that  leads  them  to  respond  to  the  presence 
of  wood.  Do  you  have  any  thoughts  on  that  and  do  you  think  you  can  get  from  your 
work  on  humic  materials  an  idea  of  the  active  Ingredient  in  wood? 

Culliney,  Harvard  University:  Yes.  It  seems  likely  that  similar  chemical  stimuli, 
perhaps  of  the  same  molecules,  are  being  released  from  the  surface  of  wood  causing 
the  settling  response.  The  response  to  Gelbstoff  in  the  estuary  is  simply  a  bio¬ 
chemical  mistake. 

Rosenberg.  Northeastern  University:  At  the  time  of  tropical  storm  Alma  was  there  a 
rise  in  temperature  that  might  have  knocked  out  Teredo  naval is  which  is  a  colder  wa¬ 
ter  species?  Such  a  rise  in  temperature  might  have  benefited  Bankla  gouldl  while 
being  fatal  to  Teredo  navalis. 

Culliney:  That  is  a  good  thought,  but  my  laboratory  experiments  on  rearing  the  lar¬ 
vae  of  both  species  showed  that  both  do  very  well  at  temperatures  as  high  as  30*C. 

So  I  do  not  think  that  is  the  answer. 

Turner .  Harvard  University:  Could  you  elaborate  on  the  possible  effects  of  differ¬ 

ences  in  salinity  tolerance  of  the  two  species? 
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Culltnev :  I  ruled  out  salinity  as  causing  the  mass  disappearance  of  Teredo  navalls 
In  the  estuary  because  from  my  experiments,  the  results  of  which  will  be  published 
elsewhere,  I  found  that  Teredo  navalls  Is  actually  better  able  to  tolerate  low  sali¬ 
nity  than  Bankla  gouldl.  Teredo  navalls  grows  well  at  salinities  as  low  as  10  o/oo 
while  Bankla  gouldl  begins  to  show  poor  development  when  the  salinity  goes  below  15 
o/oo. 

Marshall.  University  of  Tasmania;  You  mentioned  the  tremendous  complexity  of  the 
humic  substances  and  I  wondered  if  the  techniques  of  soil  scientists  would  be  useful 
In  analyzing  It.  Perhaps  separating  the  Ge lbs  toff  by  gel  filtration  would  give  you 
some  Idea  of  the  molecular  size  range  of  the  material.  This  Is  essentially  molecu¬ 
lar  filtration  tnrough  a  series  of  gels  of  different  exclusion  capacities  which 
gives  you  a  range  of  the  different  molecular  sizes.  Tests  could  then  be  run  to  get 
some  Idea  of  which  fraction  was  responsible  for  the  settling  reaction. 

Culliney :  I  need  someone  who  is  a  good  biochemist  for  this  type  of  work.  My  next 
step  is  to  get  in  touch  with  John  Sieburth,  University  of  Rhode  Island,  who  has  been 
breaking  down  humic  material  and  Identifying  the  components.  I  know  that  terrestrial 
humic  materials  are  apparently  derived  from  lignins.  These  are  phenolic  compounds 
which,  in  sea  water,  polymerize  to  form  polyphenoles  and  eventually  form  additional 
complex  compounds  with  other  dissolved  organic  matter.  Sieburth  found  some  biologi¬ 
cal  activity  in  his  subfractions  which  seemed  to  be  antibacterial  and  somewhat  toxic 
to  plaice  larvae.  He  did  some  bloassays  on  these  flat  fish  larvae  but  I  am  not  sure 
how  his  concentrations  relate  to  what  I  used  in  my  experiments.  It  would  be  ex¬ 
citing  if  we  could  pin  down  the  actual  material  responsible  for  the  settling  response. 

Marshall :  Many  of  the  chemical  techniques  used  for  fractionating  humic  acids  actu¬ 
ally  modify  the  structure  tremendously  so  some  of  the  toxic  effects  may  actually  be 
artifacts.  Tils  is  why  I  mentioned  gel  filtration,  with  this  technique  nothing  is 
modified;  you  are  simply  separating  out  different  molecular  'species'  by  size. 

Muraoka.  Naval  C  vll  Engineering  Laboratory.  California:  When  teredines  are  ex¬ 

pelled  in  the  pediveligcr  stage  they  have  only  a  limited  amount  of  time  to  find 
wood,  after  which  they  are  incapable  of  boring.  Did  you  find  72-73  hours  to  be  the 
magic  number? 

Culliney:  It  is  known  that  long-term  larviparous  species  lose  the  ability  to  bore 

after  a  relatively  short  time.  I  believe  Becker  was  the  first  to  publish  on  this. 
After  a  period  of  a  few  hours  to  a  few  days,  depending  on  the  species,  these  larvae 
lose  the  ability  to  swim,  the  vellum  degenerates  and  they  go  through  all  the  pro¬ 
cesses  associated  with  metamorphosis.  The  foot  truncates,  the  siphons  develop  and 
the  denticulate  ridges  begin  to  appear  on  the  edge  of  the  shell.  However,  there  is 
evidence  that  short-term  larviparous  species  and  oviparous  species  have  the  capacity 
to  delay  metamorphosis  for  long  periods  of  time.  Dr.  Scheltema,  of  Woods  Hole  Ocea¬ 
nographic  Institution,  in  his  studies  on  long  distance  transport  of  larvae,  found 
larvae  of  at  least  two  species  of  shipworm  in  mid  ocean. 

Kuhne .  Bundesanstalt  fUr  Mater lalprUfung,  Berlin:  My  question  concerns  the  distri¬ 
bution  of  Bankla  gouldl  and  Teredo  navalls  in  the  area  you  studied.  Normally  I 
would  expect  Teredo  navalls  to  be  in  the  estuary  and  Bankla  gouldl  out  in  the  bay. 

Is  it  possible  that  when  the  Gelbstoff  is  released  into  the  water,  for  instance  by 
heavy  rains,  that  thoSt  species  which  occur  inshore  react  more  distinctly  than  those 
outside  the  estuary?  Also,  if  wood  is  swept  out  of  the  estuary  by  heavy  rains  it 
would  supply  the  larvae,  responding  to  the  Gelbstoff,  with  a  place  to  settle. 
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Culliney :  Wood  undoubtedly  i>  carried  into  the  bay  but  I  think  that  if  the  larvae 
reepond  wherever  they  encounter  the  dissolved  humic  material  many  of  them  would  land 
where  there  was  no  wood.  Your  comment  about  the  distribution  of  Bankia  and  Teredo 
is  Interesting  because  experience  has  shown  that  the  situation  is  not  the  same  in  all 
estuaries.  It  is  well  known  from  the  studies  of  Kofold  and  Miller  in  the  1920's 
that  in  San  Francisco  Bay  Teredo  naval is  could  tolerate  very  low  salinities  and  that 
it  penetrated  into  the  upper  bay  where  the  maximum  salinity  during  the  breeding  sea¬ 
son  was  only  13  o/oo.  My  laboratory  experiments  showed  that  Teredo  navalls  grew 
well  in  salinities  as  low  as  10  o/oo.  However,  in  the  Newport  estuary  and  in  Chesa¬ 
peake  Bay,  which  is  similar  in  that  it  is  surrounded  by  low-lying,  often  swampy 
country.  Teredo  navalls  is  restricted  to  areas  very  near  the  sea  whereas  Bankia 
Rouldl  ranges  far  up  the  estuary  into  very  brackish  water.  If,  as  suggested  here, 
Bankia  gouldi  is  really  more  tolerant  of  humic  materials,  this  may  account  for  its 
distribution  in  Chesapeake  Bay  as  well  as  in  the  Newport  estuary.  In  San  Francisco 
Bay,  however,  the  country  is  high,  well  drained  and  the  bay  Is  fed  by  only  a  couple 
of  major  rivers  so  there  is  much  less  influence  of  humic  material,  and  the  distri¬ 
bution  of  Teredo  and  Bankia  is  reversed.  I  am  most  Interested  in  learning  about 
conditions  in  the  Sea  of  Azov  because  in  the  mid  1950's  the  Russians  found  that 
Teredo  navalls  had  penetrated  areas  where  the  salinity  was  about  10  o/oo.  It  was 
found  that,  as  Increasing  quantities  of  water  were  drawn  from  the  Don  River  for  ir¬ 
rigation  and  industrial  purposes,  salinity  in  the  Sea  of  Azov  began  to  rise  and 
Teredo  navalls  began  to  enter  from  the  Black  Sea.  I  know  little  about  the  geography 
of  the  area  or  the  occurrence  of  humic  material  but  on  the  basis  of  our  observations 
I  would  suspect  it  was  not  present  in  any  quantity. 
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Table  1.  One  minute  observations  of  responses  of  individual  pediveliger 
larvae  of  Teredo  navalis  and  Bankia  gouldi  to  humic  material 
(Gelbstoff)  in  sea  water  and  various  controls .  All 
experiments  at  23  -  24*C. 

Symbols: 


C  -  crawling 

C*  -  incipient  crawling,  foot  contacts 
substratum  briefly 

FM  -  foot  movements  other  than  crawling 
Q  -  quiescent,  lying  on  substratum 
S  -  swimming 


Teredo  navalis  Bankia  gouldi 


Gelbstoff 

Distilled 

Wood 

Gelbstoff 

Distilled 

Wood 

bog  H20  401 

H20  40% 

bog  H20  40% 

H20  40% 

S*22V. 

S*21*/« 

S*33*/« 

S*22V. 

S*22*/» 

S=33«/» 

pH*  6. 2 

pH* 7. 1 

pH=7 . 2 

pH*6. 2 

pH*  7 . 1 

pH*7 . 2 

C'.Q 

Q.S 

C 

C.FM.S 

FM,S 

C 

C,S,C 

Q 

FM ,  C 

FM,  S 

Q.S 

C 

FM,S 

Q 

FM ,  C 

FM,  S 

FM.Q 

C 

C*  ,S 

Q 

C 

C,S 

Q.S.FM 

Q, FM, C 

S,FM,S 

FM.Q 

C 

C ,  FM 

Q.FM.S 

FM,C 

FM,S 

S.Q.S 

FM,  C 

FM ,  S 

Q.S 

C 

FM,  S 

Q.S 

C 

FM,C 

Q.S 

C 

Q 

S 

c 

C1  ,S 

Q.s 

C 

FM,S 

S 

Q.C 

Q.S.FM 

S.Q.S 

FM,C 

s,c‘ 

Q 

FM,S 

C 

Q.s 

FM,  C 

Distilled 

Distilled 

HjO  40% 

H20  40% 

plus  HC1 

plus  HC1 

S*22*/- 

S=22V- 

pH* 6 .0 

pH=6 . 0 

cl  ,s 

Q.S.FM 

S,Cr 

S ,  FM 

Q.S 

c 

FM,S 

Q.FM.S 

c 

Q.S.FM 

FM,  S 

Q.FM.S 

c 

Q 

FM,  S 

Q 

C,FM,S 

s 

Q.S 

Q.S 

Q.S 

Q.S 

S,  FM 

Q 

C 

Q.FM 

Q.S 

s 

C,FM,S 

FM,S 

S 

s 

C.FM.S 

C* ,S,FM 

C ,  FM ,  S ,  FM 

Q.S 

Q.FM 

Q.S 

Q.S 

FM,  S 

FM.Q 

Q.S.Q 

Q 

FM,  S 

C 

Q 

S 

S 

C,S,C 

FM,  S 

FM,S 

Q.FM 

Total 

number  of 

larvae 

exhibiting 

crawling 

behavior*  15/23 

2/23 

9/10 

6/23 

0/23 

10/10 
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Table  2 


Observations  of  duration  of  crawling  responses  in  larval 
populations  of  Teredo  navalis  and  Bankla  gouldi  exposed 
to  humic  material  IGelbstoff)  in  sea  water. 


Gelbstoff  (bog  water)  dilution  *  20% 
T  s  23  -  24*C 
S  =  27V- 
pH  *  6.5 

Larval  populations:  N  *  15 


Teredo  navalis 

Bankia  gouldi 

Time 

No.  crawling 

Time 

No.  crawling 

0 

9/15 

0 

3/15 

5  min. 

7/15 

5  min. 

1/15 

10  min. 

3/15 

10  min. 

0/15 

20  min. 

4/15 

20  min. 

0/15 

30  min. 

4/15 

30  min. 

0/15 

45  min. 

4/15 

45  min. 

0/15 

NOTE:  Pages  830  through  835  are  missing  from  this  text 
because  the  manuscript  was  withdrawn. 
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Deep  water  wood-boring  mollusks 
Ruth  D.  Turner 

Museum  of  Comparative  Zoology 
Harvard  University 
Cambridge,  Mass.  02138 


Until  1961  knowledge  of  wood  borers  in  the  deep  sea 
was  based  entirely  on  material  taken  from  wood  dredged  by 
various  cruises.  The  first  tests  in  deep  water  were  those 
of  Muraoka,  Tipper  and  De Palma.  These  tests  were  all  ac¬ 
complished  by  lowering  wood  panels  on  racks  or  moorings 
from  the  surface.  Tests  are  now  being  made  using  the  deep 
submersible  ALVIN. 

From  these  tests  it  has  been  shown  that:  1)  the  in¬ 
tensity  of  the  attack  increases  with  time,  2)  the  attack 
is  most  severe  at  the  sea-sediment  interface,  3)  the  free 
swimming  larvae  apparently  rise  only  short  distances  in 
the  water  column,  4)  the  borers  are  capable  of  penetrat¬ 
ing  substances  other  than  wood,  S)  settlement  of  the  lar¬ 
vae  occurs  most  commonly  in  'protected*  area  of  the  panel. 

The  scarcity  of  wood  in  the  deep  sea  and  its  patchy 
distribution  apparently  has  led  to  isolation  and  specla- 
tion.  Notes  are  given  on  the  distribution  and  ecology  of 
the  species  as  well  as  aspects  of  the  importance  of  these 
borers  in  relation  to  man's  activities  in  the  deep  sea. 

Key  Words:  Wood  borers;  deep  sea;  Xvlophaga 


The  only  destructive  borers  in  the  deep  sea  belong  to  the  subfamily 
Xylophagainae  (Family  Pholadidae).  These  small  bivalve  mollusks  resemble 
teredlnlds  superficially  and  are  often  confused  with  them.  The  Xylophagainae 
differ  from  the  Teredinldae  most  strikingly  in  lacking  pallets  and  apophyses 
and  in  having  dorsal  plates.  Typically  xylophaglds  bore  into  wood  but  they 
also  penetrate  jute,  various  ropes,  guttapercha,  and  several  kinds  of  plastics. 
As  wood  borers  they  are  beneficial  for  their  activity  speeds  the  reduction 
and  recycling  of  waterlogged  wood  in  the  deep  sea  thus  contributing  to  the 
nutrients  available  to  other  bottom  living  forms.  Xvlophaga  have  been  known 
since  1822  when  Turton  instituted  the  genus  for  Teredo  dorsalis  Turton  1819 
because  he  recognized  the  difference  between  this  species  and  the  teredlnlds. 

In  18SS  telegraph  engineers  became  painfully  aware  of  the  'cable  borer'  when 
submarine  cables  laid  in  the  Mediterranean  failed  and  the  culprits,  which  had 
penetrated  the  jute  and  guttapercha,  were  identified  by  Huxley  as  Xvlophaga . 
Siemens  in  1866  (1)*  wrote  one  of  the  first  reports  on  the  destruction  of  the 


1 

Figures  in  parentheses  indicate  the  literature  references  cited  which  are 
listed  at  the  end  of  this  paper. 
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outer  coverings  of  deep  sea  cables,  reporting  failures  In  the  Mediterranean 
and  Black  Seas.  Other  reports  by  Preece  (1875),  Bontemps  (1877),  Dali  (1886), 
Wtlnschendorff  (1888),  Jona  (1896,  1913)  and  Rivera  (1915)  followed,  recording 
failures  In  seas  all  over  the  world  wherever  cables  were  laid.  In  shallower 
waters  damage  was  caused  by  Teredlnldae,  Llmnorla  and  Sphaeroma  but  as  far 
as  I  can  determine  damage  In  depths  greater  than  200  meters  was  caused  by 
Xvlophaga.  Unfortunately  little  If  any  of  this  material  was  saved  so  It  is 
Impossible  to  check  the  old  Identifications.  Protection  of  the  cables  with 
various  types  of  metal  sheathing  soon  became  routine  and  interest  In  the 
cable  borer  waned.  Between  this  time  and  1961,  with  the  exception  of  papers 
by  Purchon  (2)  on  the  biology  of  Xvlophaga  dorsalis  (Turton),  and  R.  Turner 
(3)  on  the  species  found  in  the  western  Atlantic  and  eastern  Pacific  little 
notice  was  paid  to  them.  A  few  species,  extracted  from  wood  caught  by  chance 
In  a  dredge,  were  named  and  described  but  that  was  all.  Knudsen  (4)  reported 
on  the  Xvlophaga  of  the  GALATHEA  expedition,  describing  17  new  species,  thus 
more  than  doubling  the  number  of  known  species.  He  discussed  their  reproduc¬ 
tion  and  distribution  suggesting  that  the  restricted  ranges  of  the  various 
species  were  probably  related  to  the  patchy  distribution  of  terrestrial  plant 
material  In  the  sea  and  the  less  efficient  means  of  dispersal  of  the  juveniles. 

The  extension  of  man's  activities  and  man  himself  to  ever  Increasing 
depths  In  the  sea  has  led  to  systematic  testing  of  materials,  improved  methods 
of  collecting  and  even  to  experimentation  at  depths  of  2000  meters.  Interest 
In  this  group  was  sparked  when  H.  Turner  (1961)  exposed  wood  panels  on  a  buoy 
mooring  line  at  depth  of  3000  meters  at  the  edge  of  the  continental  slope  off 
New  York  (39*30'N;  69*40'W).  When  the  bottom  panels  were  retrieved  they  were 
found  to  have  about  100  young  Xvlophaga  per  square  centimeter.  This  was  the 
first  time  that  wood  had  been  carried  to  the  bottom  rapidly  enough  to  Insure 
Its  freedom  from  attack  on  the  way  down.  At  about  the  same  time  the  U.  S.  Navy 
began  testing  materials  in  the  deep  sea.  On  the  California  coast  the  biologi¬ 
cal  work  was  under  the  direction  of  James  Muraoka  (5)  of  the  U.  S.  Naval  Civil 
Engineering  Laboratory  and  his  reports  appeared  between  1964  and  1967.  On 
the  Atlantic  coast  John  DePalma  (6)  of  the  Naval  Oceanographic  Office  was  in 
charge  of  the  work  and  his  report  on  the  deep  tests  off  Florida  and  the 
Bahama  Islands  appeared  In  1969.  Both  Muraoka  and  DePalma  k.idly  sent  me  all 
of  the  borers  for  study.  From  this  and  other  material,  two  new  genera  and 
eleven  new  species  have  been  added  to  the  list  of  known  Xylophagalnae .  During 
1966-1967  Ronald  Tipper  (7)  studied  the  ecology  of  Xvlophaga  off  the  Oregon 
coast,  and  In  1970  New  England  deep  sea  lobstermen  setting  their  traps  at 
depths  of  about  1000  feet  (  305  meters)  came  to  know  Xvlophaga.  The  results 
of  this  research  and  the  exposure  of  'new'  wood  In  depths  ranging  from  30  to 
over  2000  meters  has  confirmed  the  fact  that:  1)  the  Teredlnldae  are  basically 
littoral  borers,  their  depth  range  extending  from  the  Intertidal  to  depths  of 
about  200  meters  and  2) that  all  borer  damage  below  these  depths  is  caused  by 
Xylophagalnae.  Floating  wood  may  become  infested  by  teredlnids  and,  as  It 
becomes  waterlogged  and  gradually  sinks,  carries  living  teredlnids  to  the 
bottom.  The  adults  may  be  able  to  survive  at  great  depths  but  they  are  In¬ 
capable  of  reproducing  and  Infecting  new  wood.  In  colder  waters  of  high 
latitudes  a  few  species  of  Xvlophaga .  for  example,  X.  dorsalis  (Tv 
and  X.  praestans  Smith  of  the  north  eastern  Atlantic  and  X.  gloty  y 

of  Chile  may  occur  at  depth  of  only  3  meters  below  the  low  tide 

This  research  also  proves  the  error  of  the  statement  that  X\  ..ojhaga 
dorsal Is  (Turton)  "occurs  chiefly  In  floating  timber"  (2)  or  that  "the  genus 
Xvlophaga  seems  to  be  largely  pelagic,  occurring  mainly  In  floating  and 
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waterlogged  wood"  (3).  This  erroneous  impression,  probably  arose  from  the 
fact  that  during  heavy  storms  waterlogged  wood  containing  Xvlophaga  may  be 
cast  ashore  but  we  now  know  that  this  wood  is  brought  up  from  deeper  sub- 
tidal  waters.  Whenever  testing  is  done  Xvlophaga  are  found  only  in  panels 
placed  near  the  bottom  and,  in  warm  temperate  waters,  none  have  been  taken 
in  depths  less  than  30  meters. 

Tipper  (7)  showed  that  the  heaviest  settlement  of  the  larvae  occurred 
within  10  cm  of  the  bottom  and  Muraoka  (1966)  found  that  panels  1  meter  up 
on  the  test  rack  were  much  less  severely  attacked  than  those  set  15  cm  off 
the  bottom.  In  the  Tongue  of  the  Ocean,  panels  in  contact  with  the  bottom 
were  severely  attacked  while  those  15  meters  off  the  bottom  were  completely 
free  of  borers.  In  an  array  set  about  3  miles  off  Fort  Lauderdale,  Florida 
9  specimens  of  Xvlophaga  were  taken  from  a  panel  set  at  a  depth  of  60  meters 
in  water  92  meters  deep.  This  is  unusual  but  it  Is  possible  that  the  larvae 
were  caught  in  an  up-welling  current  and  by  chance  hit  wood  and  so  were  able 
to  settle.  A  bottom  panel  at  this  site  had  31  Xvlophaga.  These  data  suggest 
that  the  larvae  rise  only  a  short  distance  off  the  bottom,  and  that  their 
dispersal  is  largely  dependent  on  bottom  currents,  lending  support  to 
Knudsen's  theory  that  the  larvae  have  an  inefficient  means  of  dispersal.  It 
has  also  been  noted  from  these  experiments  that  the  larvae  usually  settle  in 
crevices  or  other  areas  where  the  current  is  reduced. 

Bruun  (8)  and  Knudsen  (A)  reviewed  the  data  on  the  presence  of  terres¬ 
trial  plant  debris  in  the  deep  sea  pointing  out  that  it  was  usually  found  in 
trenches  near  land.  They  also  noted  the  relationship  between  the  presence  of 
such  debris  and  the  general  richness  of  the  bottom  fauna.  The  scarcity  of 
wood  in  boreal  areas  restricts  the  northern  range,  and  temperature  the  south¬ 
ern  iange  of  shelf  species  in  temperate  and  boreal  zones.  Species  such  as 
X.  dorsalis.  X.  atlantlca  and  X.  globosa  are  examples  of  arctic  emergence  for 
they  may  be  found  in  littoral  waters  at  the  colder  ends  of  their  ranges. 
Uniform  temperatures  below  the  permanent  thermocline  allow  a  wider  range 
of  distribution  for  abyssal  species  though  their  presence  at  any  given  lo¬ 
cality  is  dependent  on  the  presence  of  wood.  Malor  problems  encountered  in 
studying  the  geographical  distribution  of  the  Xylophagalnae  Include  1)  the 
scarcity  and  patchy  distribution  of  woody  material  in  the  deep  sea,  2)  the 
chance  factors  involved  in  catching  a  piece  of  wood  in  a  dredge  and  3)  the 
possibility  that  present  records  are  only  a  reflection  of  dredging  stations. 
Until  recently,  dredging  was  the  only  means  of  obtaining  these  borers  and 
the  stations  are  usually  limited  in  number  and  rather  widely  spaced,  so  no 
satisfactory  picture  could  be  obtained.  Recent  collecting  using  wood  panels 
attached  to  buoys  or  special  testing  units  has  shown  that  wherever  wood  is 
placed  on  or  near  the  bottom  borers  will  eventually  appear  and  that  the 
rate  of  attack  Increases  with  the  increase  in  the  size  of  the  breeding 
population.  Very  little  is  known  about  reproduction  in  the  Xylophagalnae 
but  we  do  know  that  at  least  9  of  the  abyssal  species  retain  the  young  in 
the  burrow  of  the  parent,  usually  attached  to  the  dorsal  surface  of  the 
parent  shell  near  the  umbos.  This  would  insure  the  young  being  near  wood 
at  the  time  of  emergence  but  would  reduce  the  possibilities  of  Infecting  new 
wood.  Many  species  of  deep  sea  mollusks  have  a  very  wide  geographic  range 
but  this  does  not  appear  to  be  true  of  the  Xylophagalnae.  The  limited 
ranges  of  the  various  species,  probably  resulting  from  the  patchy  distribu¬ 
tion  of  wood  on  the  bottom,  may  be  compared  with  island  populations  of 
terrestrial  species. 
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The  subfamily  Xylophagainae  is  composed  of  3  genera,  Xylophaga  (Turton) 
with  36  species,  Xyloredo  Turner  (9)  with  3  species  and  Xylopholas  Turner 
(10  -  in  press)  with  one  species.  Of  the  36  species  of  Xylophaga  18  are 
known  from  the  type  locality  only,  14  are  known  from  2  to  8  localities,  1 
from  14  and  1  each  from  18,  19  and  20  localities.  Those  species  known  from 
the  most  localities,  e.g.  Washington  Bartsch,  atlantlca  Richards  and  dorsalis 
(Turton),  are  all  northern,  relatively  shallow  water  species  which  are  more 
readily  collected.  Species  of  Xylophaga  may  be  arranged  in  6  rather  distinc¬ 
tive  groups,  those  in  each  group  being  allopatric.  Species  which  are  known 
to  retain  the  young  in  the  burrow  all  belong  to  groups  2,  3  and  4.  Further 
knowledge  of  the  living  animals  will  probably  show  that  these  species  groups 
are,  in  fact,  good  subgenera  but  at  present  It  seems  unwise  to  name  them. 

The  three  species  of  Xyloredo  are  abyssal  and  they  resemble  teredlnlds  even 
more  than  Xylophaga  for  they  produce  long  burrows  which  they  line  with  a 
thin  calcareous  tube.  They  are,  however,  readily  distinguished  from  the 
teredlnlds  because  they  lack  pallets  and  apophyses  (9).  The  single  known 
species  of  Xylopholas  also  makes  a  long  burrow  but  does  not  line  it.  This 
species  has  slphonal  plates  which  appear  to  function  similarly  to  the 
siphonoplax  of  Penltella  but  they  are  located  at  the  base  of  the  siphons 
rather  than  being  attached  to  the  valves. 

From  the  above  discussion  it  is  obvious  that  we  know  very  little 
about  the  Xylophagainae  and  certainly  nothing  about  the  effects  of  possible 
population  explosions  that  might  occur  as  a  result  of  man's  activities.  Con¬ 
tinued  testing  by  suspending  materials  from  the  surface  is  Important  but 
such  testing  has  its  limitations.  However,  the  development  of  deep  sub- 
merslbles  and  their  working  capabilities  has  made  it  possible  to  do  far  more 
meaningful  research  on  the  biology,  physiology  and  ecology  of  abyssal  organ¬ 
isms.  Biologists  at  Woods  Hole  Oceanographic  Institution  with  whom  I  am 
privileged  to  cooperate  are  at  present  conducting  a  series  of  experiments  at 
a  permanent  test  site  south  of  Woods  Hole  (39o40'N;70*40'W)  in  1800  meters 
using  the  deep  submersible  ALVIN.  They  are  making  plankton  tows  just  a  few 
centimeters  off  the  bottom,  studying  metabolic  activity,  the  extent  of  mi¬ 
crobial  activity ,  and  the  effects  of  enrichment  of  the  bottom  sediments  in 
addition  to  studying  the  fauna  and  the  distribution  patterns  of  epibenthic 
forms  which  can  be  observed  and  photographed  from  ALVIN. 

One  of  the  purposes  for  this  research  is  to  obtain  an  understanding  of 
the  normal  situation  in  the  deep  sea  so  that  there  is  a  basis  for  comparison 
should  the  offshore  disposal  of  wastes  become  a  common  practice.  Jannasch 
et  al  (11)  hypothesize  that  "the  relatively  low  rates  of  microbial  activity 
at  deep-water  conditions  appear  to  render  this  way  of  waste  disposal  very 
inefficient"  and  that  "it  seems  possible  to  trap  substantial  amounts  of 
nutrients  in  solid  form  in  the  deep  sea".  Recent  experiments  suggest  that 
the  ma]or  attack  on  material  placed  in  the  deep  sea  results  from  the  ac¬ 
tivities  of  'nibblers*  rather  than  microbes  (Jannasch,  personal  communication). 
In  one  experiment  various  materials  including  small  wooden  dowls  were  placed 
in  a  series  of  plastic  tubes  in  which  several  small  holes  had  been  drilled. 

The  larvae  of  Xylophaga  entered  the  holes  and  completely  riddled  the  wood  in 
that  portion  of  the  tube  extending  above  the  mud-line.  The  tubes  containing 
wood  were  the  most  damaged  after  a  year  on  the  bottom. 

Xvlophagi  have  a  large  wood  storing  caecum  and  like  the  teredlnlds 
utilize  wood  t«-*r  food.  It  is  generally  believed  that  reduction  of  the  wood 
depends  largely  on  the  activity  of  bacteria  in  the  gut.  It  would  appear 
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Chen  Chat  at  lease  some  types  of  bacteria  become  really  active  when  taken  Into 
the  gut  of  the  borers,  for  reduction  of  the  wood  by  Xylophaga  Is  usually 
rather  rapid.  These  borers  also  appear  to  have  one  of  the  most  rapid 
growth  rates  of  all  deep  sea  bivalves,  perhaps  a  result  of  their  ability 
to  utilize  this  rich  source  of  nutrients.  We  now  have  numerous  wood  panels 
exposed  at  the  ALVIN  station  and  It  Is  hoped  that  In  the  near  future  we 
will  be  able,  for  the  first  time,  to  observe  living  animals,  to  study  their 
anatomy,  to  determine  whether  there  is  bacterial  activity  In  the  gut  and 
possibly  to  rear  them.  Future  experiments  are  planned  to  determine  the 
varied  types  of  material  Into  which  they  will  bore. 
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Discussion 


Muraoka ,  Naval  Civil  Engineering  Laboratory:  When  the  wood  disintegrates  what 
happens  to  the  Xvlophaga?  One  wonders  how  the  species  survive  because  from  what 
one  reads  about  the  deep-sea  wood  is  not  abundant  there. 

Turner:  When  the  wood  disintegrates  the  Xvlophaga  undoubtedly  fall  out  and  pro¬ 

bably  die  or  are  eaten  within  a  short  time.  If  sufficient  larvae  are  present  in  the 
plankton  to  settle  on  newly  submerged  wood  at  a  rate  of  over  100  per  cm2,  one 
does  wonder  what  happens  if  no  wood  is  available.  It  is  possible  that  the  larvae 
can  delay  metamorphosis  for  long  periods  of  time  and  that  the  arrival  of  new  wood 
on  the  bottom  triggers  a  settling  response.  The  larvae  must  be  rather  widely  dis¬ 
tributed  in  the  deep  sea  because  wherever  we  have  submerged  wood  it  has  eventually 
been  attacked.  However,  the  devastation  of  the  wood  at  the  ALVIN  station  came  as  a 
complete  surprise  because  off  California  and  in  the  Tongue  of  the  Ocean,  Bahama 
Islands,  we  had  panels  exposed  for  much  longer  periods  of  time  and  the  wood,  though 
severely  attacked,  was  not  on  the  point  of  crumbling.  I  have  wondered  if  specimens 
could  survive  in  the  firm  clay  nodules  on  the  bottom  but  only  twice  in  the  hundreds 
of  dredge  hauls  that  Dr.  Sanders  of  Woods  Hole  Oceanographic  Institution  has  made 
did  he  get  specimens  when  apparently  no  wood  came  up  in  the  dredge.  On  one  of  our 
ALVIN  cruises  we  collected  a  large  number  of  clay  nodules  and  these  were  carefully 
examined  for  evidence  of  Xv lophaga  but  none  was  found.  The  most  logical  answers 
at  present  are  that  the  larvae  can  delay  metamorphosis  until  wooa  is  present  or 
that  wood  is  more  abundant  on  the  bottom  than  we  thought. 
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The  present  paper  deals  with  the  neuroendocrine  regulation  of 
reproductive  cycle  in  the  wood  boring  molusc,  Martesla  striata .  Two 
types  of  neurosecretory  cells  were  seen  in  the  various  ganglia. 

Cell  Type  I:  The  cells  are  pyriform  in  shape;  the  cell  bodies  range 
from  18  to  22  u  in  length  and  the  secretory  material  stains  red 
with  Mallory's  and  blue-black  with  chrom-haematoxylin-phloxin. 

Cell  Type  11:  These  cells  are  smaller  and  the  cell  body  is  oval  in 
shape,  measuring  12-18  u  in  diameter.  The  fine  granules  in  the 
cytoplasm  stain  pinkish  with  Mallory's  and  gray  with  CHP.  The 
vacuolisation  of  these  cells  is  very  striking  and  the  vacuoles  do 
not  possess  a  characteristic  shape.  Cytochemical  observations  on 
the  Type  I  cells  reveal  that  the  cytoplasm  of  the  neurosecretory 
material  contains  a  high  concentration  of  RNA  and  the  positive  tests 
of  PAS  and  lipid  seem  to  be  due  to  the  presence  of  glycolipid. 

The  number  of  Type  I  cells  that  contained  droplets  of  secretory 
material  showed  a  distinct  seasonal  fluctuation.  During  July, 

August  and  September  only  a  few  cells  contained  granules  as  compared 
with  the  other  months.  The  gonads  of  the  same  Martesla  were  sectioned 
every  month  and  the  condition  determined.  All  the  specimens  collected 
during  the  period  from  July  to  September  had  spent  gonads.  During 
this  period  most  of  the  Type  I  cells  did  not  contain  granules.  This 
parallel  between  Type  I  cell  activity  and  the  reproductive  cycle  may 
be  Interpreted  as  an  effect  of  these  cells  on  the  gonad. 


Introduct Ion 

While  extensive  studies  were  made  on  the  neurosecretory  system 
of  Gastropoda,  less  is  known  of  this  system  in  I.amel 1 ibranchiata  (1). 
Gabe  (21  mentioned  in  a  short  conmunicat ion  about  the  occurrence  of 
neurosecretory  cells  in  20  species  of  bivalves.  I.ubet  (3,4)  described 
secretory  cells  from  the  cerebral  and  visceral  ganglia  of  Mytl lus 
and  Chlamys .  This  author  claims  the  existence  of  a  correlation 
between  the  secretory  activity  and  gametogenesis .  Nagabhushanam  (5) 
described  the  neurosecretory  cells  in  American  oyster,  Crassostrea 
vlrginlca . 


The  present  paper  deals  with  the  structure  and  distribution 
of  neurosecretory  cells  and  their  physiological  role  in  the  marine 
wood  borer,  Martesla  striata 

Material  and  Methods 


Martesla  striata  were  collected  from  standard  test  panels  which 
♦Supported  by  contract  N000  14-70-0-0172  from  Office  of  Naval  Research, Wash.  D  C. 
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were  immersed  at  Ratnaglrl  on  the  West  coast  of  India.  The  shell  valves 
were  carefully  removed  and  the  whole  body  was  transferred  to  Bouin's  or 
Helly's  fluid.  Serial  sections  were  cut  at  6  u.  The  following  staining 
techniques  were  employed:  (1)  Mallory's  triple  stain  (MS),  (2)  Gomorl's 
chromalum-haeraatoxylln-phloxln  (CHP) ,  (3)  Periodic  acid-Schiff  (PAS) 
reaction  for  polysaccharides  after  diastase  digestion,  (4)  Sudan  Black  B, 
mounted  In  an  aqueous  medium  and  (5)  Elnarson's  gallocyanin-chromalum 
method  for  nucleic  acids. 

Results  and  Discussion 

Neurosecretory  cells. 

There  are  three-cerebral,  pedal  and  visceral-  pairs  of  ganglia  In 
the  central  nervous  system  of  Martesla  striata.  The  ganglia  are  sur¬ 
rounded  by  a  thin  capusle  of  connective  tissue.  Itvnediately  beneath 
is  the  cellular  cortex  which  envelopes  the  neuropile  consisting  of 
nerve  fibres.  Two  types  of  neurosecretory  cells,  differing  in  size 
and  staining  ability  with  CHP  and  MS,  were  seen  in  the  various 
ganglia.  These  two  types  of  neurosecretory  cells  are  designated  as 
Cell  Type  I  and  Cell  Type  II, 

Cell  Type  I  -  The  cells  are  somewhat  pyriform  in  shape;  the  cell  bodies 

range  from  18  to  22  u  in  length  and  12  to  IS  u  in  width.  The  nucleus 

is  round  or  oval  measuring  8  to  10  u  in  width;  it  may  be  either  central 

or  eccentric  in  position.  The  secretory  material  stained  red  with  MS  . 

and  blue-black  with  CHP.  The  granules  always  appear  as  very  fine  • 

particles.  Vacuoles  are  generally  absent.  In  certain  cells  the 

secretory  material  could  be  seen  in  the  axons.  This  cell  type  is 

represented  in  cerebral,  visceral  and  pedal  ganglia. 

Under  the  phase  contrast  microscope,  the  secretory  granules  appeared 
as  dark  masses  filling  the  cytoplasm.  The  nucleus  is  transparent  with 
low  refractive  index.  The  nuclear  membrane  is  distinctly  visible. 

Towards  the  periphery  of  the  cell  the  granules  showed  Brownian  movements. 

Inside  the  cytoplasm  small  spheroids  of  different  sizes  are  visible 
besides  the  granules. 

Type  I  neurosecretory  material  was  poorly  preserved  by  alcoholic 
fixatives.  This  loss  of  granules  was  appreciably  prevented  by  post- 
fixing  in  10  percent  formalin  after  initial  fixation  in  80  percent 
ethanol  prior  to  paraffin  embedding.  This  loss  of  secretory  material 
appears  to  be  due  to  the  solvent  action  of  alcohol.  Careful  examination 
of  Helly's  fixed  adjacent  paraffin  sections  of  ganglia,  one  series 
stained  with  Mallory's  and  the  other  with  Sudan  Black  B,  revealed  that 
the  Type  I  neurosecretory  material  is  strongly  sudanophilic .  The 
secretory  material  gave  positive  test  with  PAS  after  digestion  with 
diastase.  In  sections  fixed  in  Bouin's  fluid  and  stained  with  gallocyanin- 
chromalum  the  cytoplasm  of  the  neurosecretory  cells  showed  blue  colouration 
indicating  a  concentration  of  RNA. 

Cell  Type  II  -  These  cells  are  smaller  than  the  type  I  cells  and 
restricted  to  the  cerebral  and  visceral  ganglia.  The  cell  body  is 
somewhat  oval  in  shape,  measuring  12-18  u  in  diameter.  Their  nuclei 
are  similar  to  those  of  Type  I  cells  and  the  fine  granules  in  the 
cytoplasm  stain  pinkish  with  MS  and  gray  with  CHP.  In  certain  cells 
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the  neurosecretory  granules  are  particularly  concentrated  around  the  nucleus. 
The  vacuolisation  of  these  cells  is  very  striking;  the  vacuoles  do  not  possess 
a  characteristic  shape.  Occasionally  very  fine  particles  are  observed  in  the 
vacuoles.  Just  as  in  Type  I  cells  the  secretory  material  leaves  the 
perikaryon  by  way  of  the  axons. 

The  neurosecretory  cells  of  Martesla  striata  show  resemblances  with 
resemblances  with  those  described  earlier  in  other  lamel 1 ibranchs .  The 
most  exact  resemblance  is  between  the  cell  which  are  here  described  as 
Type  I  and  those  designated  as  grana  II  by  Fahrmann  (6)  in  Unto  and  the 
pyriform-shaped  cells  of  Teredo  (7).  Grana  I  described  by  Fahrmann  (6) 
in  Unio  and  cell  Type  II  of  Crassostrea  (5)  agree  very  closely  with  Type 
II  cells  of  Martesia. 

Concerning  the  distribution  of  the  neurosecretory  cells,  Type  I 
cells  are  seen  in  all  the  ganglia  while  Cell  Type  II  is  observed  only  in 
the  cerebral  and  visceral  ganglia.  Similar  observations  were  made  by 
Nagabhushanam  15).  From  a  study  of  the  histological  sections,  various 
authors  (3,5,6)  concluded  that  the  neurosecretory  material  is  transported 
along  the  axons.  The  observations  in  Martesla  support  this  view,  the 
secretory  material  being  traced  along  the  axons. 

Cytochemical  observations  on  Type  I  cells  of  Martesia  reveal  that  the 
cytoplasm  of  neurosecretory  material  contains  a  high  concentration  of  RNA 
and  the  substance  may  be  glycolipid.  This  is  in  agreement  with  the 
observations  made  in  Crassostrea  (5)  and  Unio  (6). 

Seasonal  activity  of  neurosecretory  cells 

To  find  out  whether  there  is  any  change  in  neurosecretory  material 
in  the  various  cell  types,  the  various  ganglia  of  30  animals  were  fixed 
every  month,  sectioned  and  observed  for  a  period  of  one  year  (1971).  The 
number  of  Type  I  cells  that  contained  secretory  material  showed  a 
distinct  seasonal  fluctuation.  From  Table  1  it  could  be  seen  that  during 
July  to  September  1971  only  a  few  cells  contained  secretory  material  as 
compared  with  the  other  months.  On  the  other  hand,  the  number  of  Type  II 
cells  that  contained  secretory  material  did  not  change  appreciably.  The 
gonads  of  the  same  Mir:esla  were  sectioned  every  month  and  the  condition 
determined.  It  has  been  observed  that  the  spawning  of  Martesla  begins 
in  March  and  extends  up  to  June  and  majority  of  them  has  spent  gonads 
during  July  to  September  period  (Table  2).  During  this  period  the  Type  I 
cells  did  not  contain  granules.  This  observed  parallel  between  the  activity 
of  Type  I  cells  and  reproductive  cycle  in  Martesla  might  be  interpreted  as 
an  effect  of  these  cells  on  the  maturity  of  the  gonads.  Nagabhushanam  (5) 
also  made  similar  observations  in  Crassostrea  virglnlca .  The  Type  I 
neurosecretory  cells  In  the  oysters  shoed  a  distinct  annual  cycle  of 
activity  that  correlated  with  the  reproductive  cycle.  Salanki  and  Baranyl 
(8)  noticed  a  change  in  the  accumulation  of  the  neurosecretory  material  in 
relation  to  sexual  cycle  in  Anodonta .  From  these  few  studies  so  far  made 
in  the  lamellibranchs  it  may  be  inferred  that  the  reproduction  and  spawning 
in  lamellibranchs  are  under  the  control  of  hormones  produced  by  the 
neurosecretory  cells. 
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Table  1 


Showing  active  neurosecretory  cells  of  Type  I  and  II  In  the 
cerebral  and  visceral  ganglia  of  Martesla  striata 

(Average  of  30  animals) 


Year  and  Month 

Type  I  cells 

Type  II  cells 

1971 

January 

25 

21 

February 

29 

19 

March 

35 

24 

April 

32 

18 

May 

30 

23 

June 

24 

20 

July 

10 

18 

August 

5 

23 

September 

7 

21 

October 

15 

24 

November 

20 

19 

December 

24 

25 

Table 

2:  Condition 

of  Gonads 

in  Martesla 

Year  and 

No.  of 

animals  with 

No.  of 

animals  with 

Indistinct 
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STUDIES  OF  THE  FOULING  COMMUNITIES  ALONG  ARGENTINE  COASTS 

Ricardo  Baatida 

Laboratorio  de  Ensayo  do  Materiales  e 
Investigaciones  Tecnoltfgicas 
(LEMIT),  La  Plata,  Argentina 


Comprehensive  information  on  investigation!  of  fouling  com¬ 
munities  made  since  1969  along  the  Argentine  coasts  is  exposed  in 
the  present  psper.  Studies  were  made  on  experimental  rafts  locat¬ 
ed  in  two  main  harboursi  Mar  del  Plata  (38°03'17"  S,  57°31'18"  W) 
and  Belgrano  ( 38°5i» *  S,  62°06'  W).  Both  areas,  of  temperate-cold 
waters  show  very  aggressive  communities  practically  during  the 
whole  year. 

General  hydrological  conditions  of  both  areas  are  compared, 
and  attachment  cycles  of  the  main  fouling  species  are  presented. 

Several  ecological  aspects  are  considered,  such  as  trnphic 
relations  of  the  community,  role  and  growth  rate  of  certain  spec¬ 
ies,  ecological  succession,  etc.  Fouling  development  on  short  term 
panels  seems  to  be  regulated  by  the  water  temperature  in  Mar  del 
Plata's  area,  as  other  ecological  factors  do  not  modify  too  much 
during  the  year.  On  the  contrary,  Belgrano'o  harbor  fouling  cosh- 
■minifies  are  exposed  during  the  year  to  great  variations  in  se¬ 
veral  hydrological  factors. 

Key  words!  Fouling  communities!  experimental  raft  tests! 
ecological  succession!  hydrological  characteristics  of 
Argentine  harbors!  powerstation  fouling  communities. 


1.  Introduction 


The  Laboratorio  de  Ensayo  de  Materiales  e  Investigaciones  Tecnoldgicas  (LEMIT), 
together  with  the  Instituto  de  Biologfa  Marina  and  the  economical  aid  of  several  ins¬ 
titutions,  has  been  conducting  marine  fouling  studies  at  several  sites  on  the  Argen¬ 
tine  coasts  since  1963.  These  studies,  carried  out  by  a  group  of  biologists  and  chem¬ 
ists,  have  been  directed  at  gathering  comprehensive  information  on  the  fouling  com¬ 
munities'  dynamics  and  its  control  by  antifouling  paints. 

Fouling  studies  on  the  experimental  raft  were  begun  in  Mar  del  Plata's  harbor  and 


847 


1 


continued  without  interruption*  until  the  preeent.  Many  contributions  of  that  stud¬ 
ied  area  were  published  in  the  last  few  years. 

Our  second  experimental  raft  was  anchored  in  Uelgrano's  harbor  after  prelimina¬ 
ry  studies  that  indicated  the  importance  of  fouling  in  the  area.  Decently  the  first 
year  of  raft  observations  was  completed  and  we  intend  to  continue  with  the  investi¬ 
gations  in  the  area  during  the  next  years.  Preliminary  observations  were  also  made 
at  a  powerstation  located  in  (juequen's  harbor  which  had  severe  fouling  problems  in 
its  refrigerating  system. 

Extending  our  information  to  southern  areas,  preliminary  data  was  obtained  from 
Madryn's  harbor,  in  our  Patagonian  coast.  Due  to  the  lack  of  an  experimental  raft  in 
that  area,  fouling  samples  were  obtained  from  the  piles  of  the  wharf  (the  only  har¬ 
bor  construction)  and  from  two  wrecks  in  the  surrounding  area.  These  preliminary  ob¬ 
servations  seem  to  be  important,  as  the  patagonian  coast  is  unknown  with  regards  to 
its  fouling  communities  and  at  present  an  important  deep-water  harbor  related  with 
industrial  activities  is  under  construction  in  the  same  area  and  will  in  a  few  years 
of  service  change,  without  any  doubt,  the  ecological  factors  of  the  area. 

Our  fouling  studies  will  develope  in  the  future  not  only  covering  new  sites  of 
the  Argentine  coasts,  but  also  trying  to  obtain  a  deeper  knowledge  of  the  studied 
areas.  This  will  be  a  kind  of  challenge  for  our  scientific  group,  as  the  flora  and 
fauna  of  our  country  is  not  yet  deeply  known,  which  is  one  of  the  reasons  why  ecolo¬ 
gical  studies  sometime  go  rather  slowly.  And  of  course  it  is  not  neccessary  to  men¬ 
tion  the  difficulties  in  many  cases  to  obtain  the  neccessary  economical  support. 

Due  to  the  justified  regulations  of  the  congress  regarding  contributions,  the 
present  paper  tries  to  give  only  a  brief  general  view  of  fouling  along  Argentine  coasts 
tbat  could  be  extended  by  any  interested  person  by  r»ading  previously  published  re¬ 
sults,  and  others  that  will  be  published  in  the  future. 


2.  Mar  del  Plata's  harbor 


This  is  the  better  known  area  in  fouling  aspects,  as  it  was  the  first  place 
choosen  for  our  investigations.  This  port,  one  of  the  most  important  along  our  roasts 
is  mainly  dedicated  to  fishery  aspects  and  overseas  commercial  traffic. 

Settlements  of  special  benthic  communities  are  conditioned  by  the  particular  en¬ 
vironment  of  the  harbor,  attd  are  clearly  differentiated  from  those  inhabiting  the  na¬ 
tural  surrounding  areas.  The  most  distinctive  hydrological  characteristics  of  this 
harbor  are:  slight  turbulence,  slightly  lower  salinity  than  in  neighboring  areas,  lo¬ 
wer  pH,  dissolved  oxygen  and  a  high  content  of  organic  detritus.  The  water  temperatu¬ 
re  varies  within  a  range  of  about  1 5° C  annual ly.  Pull  details  of  the  harbor  construc¬ 
tion  and  environmental  characteristics  have  been  given  in  previous  papers  (l,  2). Graphs 
of  the  principal  hydrological  factors  in  this  harbor  are  included  in  another  paper  pre¬ 
sented  to  this  Congress  (l)  and  in  Pig.  f>. 

Since  the  first  tests,  attachment  cycles  of  the  main  fouling  species  have  been 
registered.  Summarizing  the  information,  we  include  in  this  opportunity  some  graphs 
obtained  along  three  consecutive  years  (1966-69)  for  the  principal  species  at  four 
different  levels,  from  surface  to  2  meters  depth  (Pig.  2  and  7). 

Ecological  succession  of  fouling  communities  can  be  clearly  observed  through 
long  term  panel  samples.  However  very  important  stages  in  the  evolution  of  the  commu¬ 
nities  also  takes  place  in  extremely  short  periods.  In  those  areas  of  aggressive  foul- 
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ing  they  can  only  be  detected  by  obtaining  eaaplea  in  ehort  perioda  of  around  3-10 
daya. 

Baaed  on  our  observations  on  ecological  succession  of  fouling  communities  (2,  4) 
ve  considered  it  of  great  importance  to  determine  the  several  stages  forming  the  pe¬ 
riod  from  the  moment  the  substratum  is  immersed  until  the  destruction  of  the  fouling 
community.  Unfortunately  until  the  moment  there  has  been  no  universal  criteria  by 
which  to  define  the  principal  stages  of  evolutionary  processes  of  fouling  communi¬ 
ties.  although  this  could  be  very  useful  for  comparing  data  obtained  in  different 
geographical  areas.  This  could  be  used  as  another  element  for  comparing  grades  of 
aggressiveness,  as  this  characteristic  is  not  only  determined  by  the  species  invol¬ 
ved,  but  also  by  the  speed  in  which  fouling  communities  are  formed. 

Among  the  scarce  information  regarding  stages  of  development  of  these  benthic 
communities,  we  think  that  Kawahara's  position  is  one  of  the  best  and  also  corres¬ 
ponds  with  our  conclusions  expressed  in  previous  papers  (2,  4,  5). 

Based  on  Kawahara's  studies  (5)  and  using  our  own  information,  we  established 
six  stages  (I-VI)  that  include  the  whole  cycle  of  fouling  community  development.  In 
the  particular  case  of  Stage  II  we  found  neccessary  to  create  three  Substages:  IIA, 

I IB  and  IIC  (4). 

Trying  to  study  the  different  stages  reached  by  fouling  communities  on  monthly 
panels  (short-term  panels)  during  the  whole  year,  we  used  the  information  gathered 
during  three  consecutive  years  (1966-69).  Thought  it,  we  could  establish  that  in  our 
area  the  maximun  stage  on  monthly  panels  is  stage  III.  By  graphing  together  stages 
and  water  temperature,  a  close  correlation  can  be  observed  between  both  factors(Fig. 

4).  Another  interesting  fact  is  that  substages  of  Stage  II  always  precede  and  follow 
Stage  I,  following  the  oscilations  of  mean  water  temperature.  In  this  case,  tempera¬ 
ture  seems  to  amt  aa  an  inhibitor  or  diminiaher  of  the  sexual  activity  rythm  of  foul¬ 
ing  species,  rather  than  to  directly  affect  the  larval  stages.  On  the  contrary.  Sta¬ 
ge  III  is  determined  directly  by  the  temperature  of  the  sane  month,  or  the  month  be¬ 
fore  that  provokes  a  massive  sexual  reproduction  and  a  fast  development  of  lar¬ 
vae  and  juvenils. 

Due  to  the  scarce  Information  about  water  line  level  fouling  cosusunities  and 
their  important  action  on  vessels,  ve  studied  the  ecological  role  of  Siphonaria  les¬ 
son!.  a  Pulmonate  Gastropod  associated  with  the  algae-belt.  This  species  was  simulta¬ 
neously  studied  in  neighboring  natural  areas  (6),  which  allowed  us  to  compare  that  in¬ 
formation  with  that  obtained  on  experimental  floating  substratum  in  the  harbor  area. 
This  gave  us  interesting  information  about  the  importance  of  substratum  slope  in  the 
vertical  distribution  of  tb'  species;  the  vertlmal  distribution  of  larvae  during  the 
previous  stage  of  attachment;  the  succeasional  stage  that  the  larvae  needs  for  its 
association  with  a  fouling  community;  the  true  limiting  factors  of  vertical  distri¬ 
bution  of  the  species;  the  factors  involved  with  different  shapes  of  Individual  shells; 
the  trophic  spectrum  and  some  other  aspects  of  its  ecology,  recently  published  (7). 

Among  them  we  have  to  mention  the  peculiar  role  of  Sijjhonari.a  lessonl  as  a  foul¬ 
ing  organism,  as  this  species  is  not  harmful  by  itself,  but  creates  suitable  condi¬ 
tions  for  the  settlement  of  other  organisms  which  really  are  harmful  and  destroy  the 
anticorrosive  paint  used  at  this  level.  The  typical  algae-belt  found  at  water-line 
level,  due  to  its  density,  eliminates  or  reduces  in  a  great  extent  the  possibilities 
of  attachment  of  many  invertebrates.  In  our  area  this  fact  is  very  clear  with  Balanus 
amphltri te .  Adult  populations  of  Siphonaria  lessen!  tend  to  reduce  the  covered  surfa¬ 
ce  of  the  algae-belt  in  relation  with  its  grasing  habits,  leaving  exposed  surfaces  for 
settling  and  further  development  of  Balanus  amphitrlte.  The  harmful  action  of  barnacles 
of  course,  is  increased  at  this  level  by  the  absence  of  antifonling  paints. 
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Growths  studies  of  Siphonaria  leaaoni  (Fig.  5)  also  demonstrate  that  experimen¬ 
tal  rafts  are  excellent  places  for  this  kind  of  study  and  suggests  that  it  could  be 
used  by  biologists  more  often. 

The  applied  methodology  also  allowed  us  to  determine  that  growth  rings  are  use¬ 
less  for  the  growth  studies  of  this  species,  as  they  are  not  directly  related  to  any 
characteristic  biological  process  in  this  life,  and  can  appear  at  an  individual  level 
at  irregular  intervals. 

With  regards  to  our  interest  on  water-line  panels,  we  studied  the  behaviour  of 
antifouling  paints  at  this  level  (8)  trying  to  establish  a  long  term  investigation 
plan  on  this  aspect.  Preliminary  results,  actually  in  press,  were  promising  and  show 
a  fair  control  of  invertebrates  and  algae,  despite  the  particular  conditions  of  this 
interface  level. 


3.  Belgrano's  harbor 


Belgrano'e  harbor  is  situated  in  the  Bahia  Blanca  sound,  at  38°  S.  Because  of  Its 
geographical  characteristics,  this  area  offers  a  sheltered  place  for  the  establish¬ 
ment  of  numerous  harbors,  and  at  present  we  can  find  Galvan's  harbor,  Ing.  White's 
harbor  and  Belgrano's  harbor,  the  last  one  being  the  most  important  and  located  near 
the  sMuth  of  the  sound. 

High  tides  in  this  area  reach  from  2.6  to  3.6  meters,  creating  important  cur¬ 
rents  and  the  exchange  of  water  from  the  sound  with  that  of  the  open  sea.  Although 
there  are  no  important  fresh  water  affluents,  there  are  conspicuous  draining  areas 
during  rainy  months. 

Maximum  degrees  of  surface  water  temperature  are  obtained  during  December  and 
January,  reaching  over  25°  C.  Minimum  temperatures  can  be  seen  in  June,  with  values 
under  3°  C  •  The  maximum  monthly  range  of  temperature  is  around  10°C,  correspondig  to 
June  (Fig.  6), 

Air  temperatures  reaches  maximum  readings  generally  during  January,  with  tempe- 
raturea  above  30°  C.  Minimum  temperatures  are  registered  between  June  and  August  with 
readings  under  i)°  C,  the  maximum  monthly  range  being  20°  C,  in  June  and  August. 

Salinity  shows  conspicuous  variations  along  the  sound.  Sometimes  very  high  va¬ 
lues  (41.35  °/oo)  can  be  observed,  the  minimum  being  18.86  °/oo.  This  amplitude  is 
due  to  the  exchange  of  waters  with  the  open'  sea,  rainfall  and  evaporation.  Also  sal¬ 
ty  terrestrial  areas  of  the  environs  play  an  important  role  as  they  contribute  with 
important  quantities  of  salt  to  be  sound  during  rainy  months. 

The  pH  is  stable  during  the  year  and  its  values  (7.8  -8.6)  are  similar  to  those 
of  normal  sea  water. 

The  water  in  this  area  has  an  important  content  of  inorganic  suapended  particles. 
The  highest  readings  can  be  acquired  during  rainy  days,  ss  the  rain  erodes  the  inter¬ 
tidal  muddy  bottom  increasing  the  suapended  sediments. 

The  general  hydrological  conditions  of  Belgrano's  harbor  and  surrounding  areas 
ara  quite  different  from  those  observed  in  Mar  del  Plata's  harbor,  and  consequently 
differences  can  be  expected  in  this  fouling  communities. 

The  preliminary  studies  in  this  arse  start  in  1967  over  an  experimental  raft  (9)» 
Samples  were  taken  from  20  x  30  cm  Acrylic  sanded  panels,  immersed  from  surface  to 
1,30  a  depth  at  three  different  levels.  Studied  samples  of  that  year  belong  to  6  and 
12  month  immersed  periods. 
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These  preliminary  studies  allowed  us  to  detect  that  fouling  communities  in  Bel- 
grano's  harbor  were  quite  aggressive,  showing  some  important  variations  with  regards 
to  those  of  Mar  del  Plata's  harbor.  Some  species  which  were  very  common  and  always 
present  in  high  number  (Caprella  penantis.  Caprella  eouilibra.  Botryllus  schlosseri. 
Bugula  neritina.  incrusting  Brioioa,  Plumularia  setacea.  Eupomatus  dianthus.  etc.) 
were  never  even  seen  in  Mar  del  Plata  or  only  occasslonally.  Other  species  always 
present  in  Mar  del  Plata's  harbor  (Mercierella  enigmatica.  Idotea  baltlca.  Balanus 
trlgonus.  Siphonarla  lessoni.  etc.)  were  not  detected  in  Belgrano's  area. 

Results  obtained  during  preliminary  studies  can  be  observed  in  the  table  III. 

Based  on  this  studies  we  planned  investigations  on  a  new  raft  with  different 
characteristics  in  order  to  obtain  more  extensive  data.  Recently  the  first  year  of 
observations  on  the  new  raft  have  concluded  and  the  results  will  be  published  in 
the  near  future. 

This  last  cycle  indicates  that  the  fouling  in  Belgrano's  harbor  is  really  ag¬ 
gressive,  having  less  effect  on  monthly  panels  only  during  the  coldest  months.  Foul¬ 
ing  on  long  term  panels  is  always  important  and  reaches  high  biomass  values. 

4.  Powerstation  at  l^uequen's  harbor 


For  the  first  time  a  fouling  problem  was  observed  in  the  water  refrigerating 
system  of  a  powerstation  on  the  Argentine  coasts.  We  are  asked  for  information  on 
the  biological  problem  and  possible  ways  of  control. 

Quequen's  harbor  is  located  to  the  south  of  Mar  del  Plata's  port,  and  not  very 
far  from  it.  This  area  is  scarcely  known  in  relation  with  its  benthic  communities  and 
its  waters  are  of  a  mixed  type,  receiving  waters  from  the  open  sea  and  fresh  ones 
from  the  Quequen  River. 

Its  water  temperature  is  similar  to  that  observed  in  Mar  del  Plata,  but  its  sa¬ 
linity  goes  from  normal  sea  water  values  to  low  ones,  specially  during  the  rainy 
months.  It  also  has  an  important  daily  variation  due  to  important  tidal  currents. 

pH  values  do  not  modify  notably  during  the  year,  and  water  oxygen  also  mantains 
normal  values. 

The  possibilities  of  water  exchange  between  the  harbor  area  and  the  open  sea 
eliminates  or  reduces  the  pollution  problem,  vinculated  with  the  typical  activity  of 
that  port. 

Our  observations  in  the  tubing  system  demonstrated  an  aggressive  action  of  so¬ 
me  foulers,  principally  of  Merci^reJUa  enigmatica  in  the  first  section  where  sea  wa¬ 
ter  is  injected  in  the  system.  In  that  section  this  species  can  form  incrustations 
of  30  cm  thickness.  However  the  larvae  originate  in  those  inner  areas  were  there  is 
a  marked  influence  of  fresh  water.  In  those  natural  bottoms  Merxier^Ha  enigmatica 
forms  compact  aggregations  of  high  density,  and  even  reaches  the  point  of  forming 
stony  masses  of  30  cm  or  more  in  diameter.  During  the  end  of  spring,  summer  and  the 
beginning  of  the  autum,  this  species  shows  an  important  sexual  activity.  In  that  pe¬ 
riod  when  the  water  current  flows  in  the  direction  of  the  sea,  lavae  penetrates  in 
great  number  in  the  refrigerating  system.  Once  attached,  they  accelerate  their  nor¬ 
mal  growth  rhythm  due  to  the  continuous  water  flow  that  transports  extra  available 
foodj  they  are  able  to  reproduce  in  the  tubing  ,  but  we  do  not  know  yet  if  the  lar¬ 
vae  can  attach  once  again  in  the  system. 

Although  we  do  not  have  information  during  the  whole  year,  it  is  probable  that 
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the  incruatation*  of  Mercierel_la  enigmatica  diminish  totally  or  in  part  during  the 
coldest  months,  at  least  this  happens  on  the  experimental  raft  in  Mar  del  Plata's 
area  (2,  4). 

The  inner  sections  of  tubing  are  colonised  by  another  type  of  community,  cha¬ 
racterized  by  the  presence  of  two  Mytilidst  Brachyodontes  rodri^uezi_  and  Mvtilus  pla- 
tensis.  the  last  one  never  reaches  the  largest  size  of  natural  areas.  They  attach  to 
the  tubing  vallsforming  some  areas  of  great  density,  but  the  fouling  thickness  never 
exceeds  5  cm.  The  attachment  of  these  molluscs  is  mainly  produced  on  the  lateral  si¬ 
des  of  tubings,  while  the  floor  and  roof  are  always  practically  clean.  Other  species 
that  can  be  found  between  Mytilids  are  Pododesmus  rudia.  Balanus  amphi trite.  Pyrto- 
grasus  altimanus  and  Cjrrtoflrajjsu^  angul_atu£,  but  always  in  low  densities.  Both  Cyr- 
tograpsus  are  always  of  small  size.  Bigger  individuals  probably  can  not  remain  atta¬ 
ched  to  the  substratum  due  the  water  current. 

The  main  problem  at  the  powerstation  is  created  by  the  presence  of  specimens  of 
My t Hue  platensis  in  the  brass  tubes  of  the  condenser,  as  their  presence  creates  par¬ 
ticular  currents  that  destroy  those  tubes.  To  replace  them  the  powerstation  has  to 
stop  for  some  days,  reducing  its  power  production.  Until  the  moment  we  do  not  have 
information  regarding  whether  this  problem  is  created  by  valves  of  dead  specimens 
transported  by  the  water  flow  or  if  they  belong  to  "in  situ"  attached  specimens. 

These  general  observations  allowed  us  to  outline  an  investigation  plan  of  the 
fouling  of  the  tubing  and  surrounding  area  that  probably  will  be  carried  out  in  a 
near  future.  The  use  of  doses  of  chlorine  for  the  control  of  the  fouling  in  the  re¬ 
frigerating  system  is  suggested. 

5.  Madryn's  harbor 

Fouling  studies  in  this  area  are  quite  interesting  for  several  reasons.  As  we 
mentioned  before  there  is  no  available  fouling  information  for  the  Patagonian  coast. 
From  the  biogeographical  point  of  view  it  is  very  important  as  it  is  the  limit  bet¬ 
ween  two  biogeographical  provinces!  the  Argentine  province  and  the  Magellanic  pro¬ 
vince. 

O 

Madryn's  harbor  is  placed  in  the  Golfo  Nuevo  that  covers  approximately  2  200  km" 
and  its  mouth  is  quite  narrow  (12  km).  Because  of  its  great  depth,  absence  of  low  ex¬ 
tended  bottoms  and  narrow  mouth  it  constitutes  an  area  of  peculiar  characteristics, 
different  from  the  greater  part  of  the  Patagonian  coast.  Waters  are  generally  calm, 
differing  notably  from  the  rough  sea  that  predominates  in  most  parts  of  the  exposed 
Argentine  coast. 

Tides  are  of  great  importance  in  all  the  gulf.  The  vertical  range  of  tides  can 
exceed  4  meters,  creating  important  currents  near  the  mouth.  Mean  water  monthly  tem¬ 
peratures  go  from  9.7°C(in  August)  to  18.3°  C  (in  February)  (Fig.  7).  Salinity  va¬ 
lues  ranges  around  33.3  °/oo  and  are  stable  throughout  the  whole  year.  Dissolved  o- 
xygen  has  normal  values,  while  the  pil  values  correspond  to  those  normal  of  the  sea 
water.  Water  visibility  is  very  high,  mean  values  are  around  10  meters,  but  sometimes 
reach  more  than  20  meters.  Suspended  organic  detritus  are  in  low  densities.  All  these 
general  hydrological  characteristics  clearly  separate  this  area  from  ths  rest  that  ha¬ 
ve  been  studied. 

Samples  were  obtained  from  vertical  metallic  wharf  piles,  from  the  highest  tide 
level  to  the  bottom,  around  10  a  depth.  Also  samples  were  obtained  from  two  wrecks  st 
3  and  13  a  depth. 
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Due  to  the  conspicuous  tides,  the  wharf  exhibits  important  intertidal  communi¬ 
ties.  For  a  better  exposition  ve  shall  make  reference  to  fouling  communities  describ¬ 
ing  them  from  supralittoral  level  to  infralittoral,  based  on  Paris's  classification. 

Supralittoral  level. 

This  level  is  characterized  by  a  Cyanophyta  community  where  these  algae  are  do¬ 
minant  species  (L^ngb^a  aestuari^,  OscijUatoria  ni^roviridi^,  Oscil_latoria  bonnema^- 
sonii.  Phormidlum  fragile.  Splrulina  labyrinth! form! a.  Spirulina  subtilissima.  Calo- 
thrix  cru»tacea7etc.).  Among  these  algae  and  also  at  lover  levels  can  be  found  Chi- 
ronomidae  larvde  and  eggs.  Cyanophyta  generally  form  a  very  thin  dark  green  film. 

At  lov/er  levels  and  near  to  the  limits  of  the  midlittoral  level,  the  Gastropod 
Slphonaria  les.oni  fringes  the  upper  limit  of  the  Enteromorpha  ep.  belt  over  which 
this  species  grazes.  Individuals  of  Slphonaria  lesson!  reach  bigger  eizes  at  this  la¬ 
titude  thafl~in  northern  areas.  The  presence  of  Slphonaria  lessoni  over  the  algae  belt 
confirms  the  observations  made  in  Mar  del  Plata  where  the  vertical  distribution  of 
the  species  depends  on  the  algae  belt  limits  (7).  Both  species,  Slphonaria  lsssoni 
and  Enteromorpha  sp.  continue  their  distribution  in  the  following  level. 

Midlittoral  level. 

At  the  upper  limit  of  this  level  generally  is  found  Brachvodontes  purpuratus 
that  replaces  Brachvodontes  rodriguezi.  a  typical  species  of  the  northern  coast  of 
our  country.  Generally  this  species  crestes  dense  populations  that  give  shelter  to 
different  species  of  invertebrates  and  also  Slphonaria  lessoni  that  grazes  on  epi- 
blont  algae  and  diatoms.  Continuing  down  Brachyodontes  purpuratus  populations  mixed 
with  another  Mytilid,  Mytilus  chilensis.  a  replacement  species  of  Mrtilus  platensls 
typical  of  the  northern  coast. 

When  Brachyodontes  purpuratus  disappears  in  lover  levels,  and  after  some  ex- 
ten  t  i  on  of  pure  aggregations  of  Mytilus  chilensis.  appears  anothsr  Mytilus,  Aulaco- 
mya  magallanica  (»  A.  ater),  a  mollusc  of  great  economical  importance  that  can  reach 
great  size.  Between  the  masses  created  by  mussels,  generally  can  be  found  several 
species  of  crabs  such  as  Cyrtograpsus  altlmanus.  Hallcarcinus  planatus.  the  isopod 
Exosphaeroma  sp.  and  the  molluscs  Fissurellldsa  hiantula.  Patella  magallanica  and 
Gaimardia  trapes iana.  At  this  level,  barnacles  of  different  species  also  attach, 
among  them  the  most  conspicuous  is  Balsnus  psittacus.  one  of  the  world's  biggest 
species.  However  this  species  is  not  found  at  midlittoral  lovol  in  surrounding  areas 
(10),  probably  because  rocks  in  those  sreas  are  not  hard  and  compact.  In  these  pla¬ 
ces  Balanus  psittacus  distributes  itself  in  shallow  waters  in  the  infralittoral. 

The  algae  of  the  midlittoral  level  is  very  important  and  such  richness  has  ne¬ 
ver  been  registered  in  northern  areas.  Its  qualitative  and  quantitative  characteris¬ 
tics  seen  to  vary  notably  during  the  year,  but  still  menu  studios  hsvo  to  be  done  to 
establish  the  eeaeonal  presence  of  species  and  also  the  scuto  vortical  distribution 
limits. 

Among  the  most  common  species  ve  can  mention:  Enteromorpha  sp.,  Viva  lactuca. 
Cladophora  sp.,  Chaetangium  faatij^iatua,  Nemo  lion  bolmlntoldos.  Scjrtoeipbpn  lomen- 
taria,  Polvsiphonla  spp.,  Ceramium  rub rum.  Coramlum  sp.  and  also  some  of  tho  Cyano¬ 
phyta  mentioned  at  higher  levels  but  always  in  lover  donoitlso. 

During  our  observations  ve  could  not  find  the  two  spesies  typical  of  nidllt- 
toral  level  of  the  surrounding  areas  ( 1 0 ) s  Coral  1  ins  of^pinaHp  and  Hildebrandi£  1  e- 
canellieri.  Probably  the  metallic  characteristic  of  tbs  substratum  was  tbs  reason 
for  their  absence. 
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Infralittoral  level . 

Ai  it  has  been  seen  in  natural  areas  of  our  northern  coast  the  upper  limit  of 
this  level  is  indioated  also  by  the  presence  of  Chlorophyta  of  Codium  genus.  This  al¬ 
gae  is  represented  in  our  sample  area  by  three  species:  Codium  fragile,  Codium  vermi- 
lara  and  Codium  decorticatum.  the  last  one  quite  uncommon  in  the  vharf  piles  but  mo¬ 
re  common  in  deeper  water  over  one  of  the  wrecks. 

At  this  level  can  also  be  found  the  Mvtilus  chileneis  -  Aulacomya  magallanica 
community,  together  with  Balanus  jjsittacu^.  At  infralittoral  levels  is  where  Aulnco— 
mya  magallanica  reaches  its  maximum  length,  over  15  cm. 

Associated  with  Codium  fronds  generally  could  be  found  two  typical  crabs,  leu- 
cippa  pentagona  and  Rochinia  gracilipedes  and  also  the  mentioned  species  Cyrtograpsus 
altimanus  and  llalicarcinus  planatus .  Many  species  of  Gastropods  are  generally  found 
at  this  level  such  as  Patella  magallanica.  Tegula  orbignyana,  Trophon  geversianus.  K- 
pitonium  orbignyi.  Pusus  acanthodes.  the  chiton  Plaxiphora  aurata  and  several  species 
of  Serpulinae  and  Spirorbinae  worms. 

Although  the  richest  algae  biomass  is  found  at  midlittoral  level  some  species 
go  deeper  such  as  Polysiphonia  spp.,  Ceramium  rub rum.  Ceramium  sp.,  Pterosiphonia  sp., 
Colpomenia  sinuosa.  etc.,  reaching  a  maximum  depth  duo  to  the  clear  waters. 

In  wharf  areas  of  low  light  intensity  it  is  typical  to  find  the  presence  of  Li- 
thothamnia  covering  the  substratum  as  a  paint  film  would.  Also  common  in  those  places 
are  another  Rodophyta  Rodhymenia  sp.,  the  luminescent  anemone  Corynactis  op.  and  the 
tunicates  Ciona  intestinalis  and  Ascidea  op. 

Over  the  wrecks  is  commonly  found  the  brown  algae  Dictyota  spp.  and  in  some  oc¬ 
casions  isolated  specimens  of  Macrocystis  pyrifera. 

Our  experience  in  the  geographical  area  indicates  that  a  great  part  oi  the  Ua- 
tinamerican  coast  is  scarcely  known  in  relation  to  fouling  and  marine  wood-borers  and 
the  only  way  of  solving  this  problem  seems  to  be  the  creation  of  local  investigation 
groups  to  carry  out  these  studies  in  each  country. 

Perhaps  using  the  last  words  of  an  exposition  is  not  exactly  the  best  way  to 
call  out  for  cooperation  programs  on  fouling  studies  in  Latinamerican  countries  .But 
anyways  it  is  a  means  of  communication,  and  if  we  get  possitive  results,  one  of  the 
main  objectives  of  this  kind  of  congress  will  be  obtained. 
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TABLE  I 


Stage 

Sub at age 

Months 

Temperature 

I 

September  1966 
September  1967 
September  1968 
September  1969 

11,2°  C 

II 

II  A 

June  1967 

July  1967 

August  1967 

June  1968 

July  1968 

August  1968 

June  1969 

July  1969 

August  1969 

10,1°  C 

II  B 

October  1?66 
February  1967 
April  1967 

May  1967 

November  1967 

May  1968 

October  1968 
November  1968 
October  1 969 

15,3°  C  13,1°  C 

II  C 

November  1966 
December  1966 
March  1967 

October  1967 

April  1968 

May  1969 

15,8°  C 

III 

January  1967 
December  1967 
January  1968 
February  1968 

March  1968 

December  1968 
January  1969 
February  1969 

March  1969 

April  1969 

19,6°  C 
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TAW.  I-  II 


PRINCIPAL  CHAHACTKHISTIC.s  OF  MAH  DEL  PLATA'S.  BELGIUM)' b  AND  MADHYN 1 S  HAKHOHS 


MAH  DFL  PLATA 

BELGIUM) 

MADHYN 

l.at.i  18°  03  !  18"  S 

Lon.:  57°  31 '18"  W 

Lat.:  38°  34'  S 

Lon.:  62°  06*  W 

lat.:  42°  46'  S 

Ion.:  65°  02'  W 

Bi ogeographi cal ly  belongs  to 
the  Argentine  Province 

Biogeographical ly  belongs 
to  the  Argentine  Province 

Biogeographical ly  belongs 
to  the  Magellanic  Province 

Tide  amplitude:  0.9-0. <>  m 

Tide  amplitude:  3. 6-2.0  m 

Tide  amplitude:  4. 7--. 9  m 

Low  tidal  current* 

Important  tidal  currents 

Moderate  tidal  currents 

Low  turbulence 

Low  turbulence 

Low  turbulence 

Reduced  midlittoral  leve  1  wi th  Extended  midlittoral  level 
hard  bottoms  (artificial  and  with  soft  (muddy)  and  hard 
natural)  (artificial)  bottoms 

Extended  midlittoral  level 
with  soft  (sandy)  and  hard 
(artificial)  bottoms 

Water  temperature  with  seas¬ 
onal  cycles 

Water  temperature  with 
seasonal  cycles 

Water  temperature  with 
seasonal  cycles 

Salinity  fairly  constant  with 
value*  near  those  of  normal 

sea  water 

Salinity  with  important 
monthly  variations 

Salinity  very  stuble,  va¬ 
lues  similar  to  those  of 

normal  bob  water 

Dissolved  On  values  under  tho-Dissolved  On  values  Bimi- 
se  of  normal  sea  water  lar  to  those  of  sea  water 

Dissolved  Do  values  simi¬ 
lar  to  those  of  sea  water 

pH  values  under  the  normal  o- 

nes 

pH  values  similar  to  those 
of  normal  sea  water 

pH  values  similar  to  those 
of  normal  sea  water 

Low  water  visibility 

Very  low  water  visibility 

High  water  visibility 

Abundant  bioseston 

Abundant  abioseston 

Scarce  sest on 

Intersticial  sediment  of  foul¬ 
ing  (organic  detritus) 

Intersticial  sediment  of 
fouling  (mudd  and  clay) 

Intersticial  sediment  of 
fouling  (calcareous  and  SiOn) 

Fouling  communities  with  se¬ 
veral  local  species 

Fouling  communities  with 
several  local  species 

Fouling  communities  with 
many  local  species 

Fouling  communities  with  a 
high  grade  of  epibiosis 

Fouling  communities  with 
a  high  grade  of  epibiosis 

Fouling  communities  with  a 
high  grade  of  epibiosis 

Growth  rhythm  of  cartain  spe¬ 
cies  very  accelerated,  commu¬ 
nities  of  low  stability 

Growth  rhythm  of  species 
near  normal  values,  fairly 
stable  communities 

Growth  rhyth  of  species  nor¬ 
mal,  with  development  of  ve¬ 
ry  stable  communities 

Communities  with  high  number 
of  cosmopolitan  species 

Communities  of  high  number 
of  cosmopolitan  species 

Communities  with  very  low 
number  of  cosmopol . species 

llioh  percentage  of  pollution 
indicating  species 

Low  percentage  of  pollut¬ 
ion  indicating  species 

No  pollution  indicating  spe¬ 
cies 

Experimental  raft  on  service 

Experimental  raft  on  ser¬ 
vice 

No  experimental  raft 
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TABLE  III 

BELGRANO'S  HARBOR  RAFT.  FOULING  ORGANISMS  REGISTERED  IN  THE  PRELIMINARY  STUDIESf 1067) 


Number 

of  individuals  or  : 

relative  abundance 

Medium 

Lover 

Upper 

Medium 

Lover 

Species 

panel 

panel 

panel 

panel 

panel 

6  months  observations 

12  months  observations 

ALGAE 

Enteromorpha  intestinalis . . . 

- 

- 

VC 

R 

- 

Enterom.  cf.  prolifera . . 

- 

- 

R 

R 

- 

Cladophora  »p... . . 

- 

- 

- 

R 

- 

Petalonia  fascia.... . . 

- 

- 

VC 

R 

- 

Ectocarjnu  sp...... . 

- 

- 

c 

R 

- 

COELENTERATA 

Plunmlaria  setacea..... . 

C 

C 

- 

C 

R 

Gonothvraea  inornata . 

- 

- 

- 

R 

R 

NEMERTEA  (indet.) 

4 

- 

5 

4 

3 

ANNELIDA 

8 

- 

- 

- 

- 

Eupoaiatus  dianthus . 

21 

6 

- 

12 

- 

Eupomatus  plateni . 

5 

3 

- 

2 

1 

Serpula  vermicularis . 

- 

1 

- 

- 

- 

Halosydnella  australis . 

10 

31 

4 

13 

18 

Syll idas 

30 

41 

12 

38 

41 

Nereidae 

- 

- 

4 

- 

- 

MOLLUSCA 

Pododesmus  rudis . 

- 

5 

- 

- 

- 

Rrachvodontes  rodriouezi . . . . 

- 

4 

- 

1 

- 

. . 

- 

1 

- 

- 

- 

Littoridina  australis . 

- 

- 

1 

- 

- 

CRUSTACEA 

Ba 1 anus  amph itrite . 

1580 

341 

350 

1132 

386 

Corophium  sp. . . 

55 

16 

>300 

210 

93 

Gaomaridea  indet . 

8 

28 

>  300 

50 

17 

Capreila  cf.  penantis . 

10 

1 

5 

2 

- 

Caprella  cf.  equilibra . 

111 

15 

- 

8 

9 

Sphaeroma  an.... . 

- 

- 

19 

- 

- 

Exosphaeroma  sp . 

- 

- 

1 

- 

- 

Cvrtosransus  altimanus . 

25 

89 

3 

3 

1 

Pilumnua  reticulatus . 

- 

1 

- 

- 

INSECTA 

Chironomidae  larvae . 

- 

- 

13 

- 

- 

ENTOPROCTA 

Pedellina  cernua . 

* 

- 

- 

- 

R 
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TABLE  III  (cont). 

BELGRANO'S  HARBOR  RAFT.  FOULING  ORGANISMS  REGISTERED  IN  THE  PRELIMINARY  STUDIES  (1967) 


Number 

of  individuals  and 

relative 

abundance 

Medium 

Lover 

Upper 

Medium 

Lower 

Species 

panel 

panel 

panel 

panel 

panel 

6  months  observations 

12  months  observations 

BHYOZOA 

Nucule  neritina . . . 

- 

C 

R 

C 

C 

Bugula  an....... . . 

- 

- 

- 

R 

R 

Scruparia  ambigua . 

- 

- 

- 

H 

R 

Alcvonidium  polyoum . 

- 

- 

- 

- 

R 

Hoverbankia  sp . 

- 

c 

C 

C 

R 

Crvptoaula  cf.  pallasiana. . . 

A 

VC 

c 

VC 

VC 

Canopeum  sp . . . 

A 

VC 

c 

VC 

VC 

TUNIC ATA 

Ciona  cf.  intestinalis . . 

9 

111 

- 

o 

- 

Moljgula  sp . 

- 

- 

6 

17 

20 

Ascidea  sp . 

- 

- 

2 

- 

10 

Botrvllus  schlosseri . 

R 

R 

VC 

VC 

VC 

Key  of  the  table:  A 
VC 
C 
R 


Abundant 
Very  common 
Common 
Hare 
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Fig.  "5.-  Serpulids  (i),  Balanua  itmphitrite  and  trigonus  (  1  I ) ,  Bugula  sp.  (ill) 

and  Fiona  intestinalis  (IV) 
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Fearless  Fouling  Forecasting 


John  R.  DePaloa 

Naval  Oceanographic  Office 
Washington,  D.  C.  20390 


A  foreknowledge  of  local  marine  fouling  conditions  is  required 
by  ocean  scientists,  engineers,  and  architects  for  effective  planning 
and  decision-making.  At  the  Naval  Oceanographic  Office,  we  are  at¬ 
tempting  to  provide  this  Information  In  a  form  that  can  be  readily 
understood  and  used.  One  format  that  we  are  developing  is  the  growth 
curve  nomogram,  from  which  fouling  rate  forecasts  can  be  made  within 
various  marine  environments.  Our  initial  growth  curve  nomogram  for 
warm  coastal  environments  makes  use  of  two  generally  accepted  assump¬ 
tions  about  coastal  fouling  organisms;  first,  that  the  larvae  gener¬ 
ally  originate  in  nearshore  broodsites,  and  second,  that  they  are 
carried  to  offshore  substrates  by  coastal  currents.  We  believed  that 
if  these  assumptions  were  correct  and  could  be  quantified,  it  might 
be  possible  to  distinguish  a  pattern  of  diminishing  fouling  Intensity 
with  Increasing  depth  and  distance  from  shore;  and,  since  coastal 
currents  tend  to  flow  parallel  to  the  shoreline,  that  this  basic  pat¬ 
tern  should  persist  wherever  local  factors  are  not  limiting. 

To  test  this  hypothesis,  we  collected  fouling  organisms  ou  test 
panels  at  a  grid  of  stations  off  Fort  Lauderdale,  Florida.  Dry  weight 
data  from  a  12-month  series  of  these  test  panels  were  plotted  on  a 
cross-sectional  map  of  the  test  area,  and  these  values  were  then  con¬ 
toured  by  percent  of  maximum  accumulation,  using  the  highest  value 
(shoreline  station)  as  100Z.  A  pattern  of  decreasing  density  of  set¬ 
tlement  away  from  shore  and  away  from  the  sea's  surface  was  consis¬ 
tently  demonstrated. 

We  tested  the  Fort  Lauderdale  forecasting  model  at  27  other  warm- 
water  coastal  stations  to  see  how  extensively  this  pattern  persisted. 

We  found  our  forecasts  to  be  better  than  70Z  reliable  at  19  of  these 
stations.  However,  stations  located  In  regions  where  the  bottom  had 
a  very  gentle  slope-angle  prdduced  higher- than-expected  fouling  rates, 
and  stations  located  near  small,  coral-reef  fringed  Islands  produced 
lower- than-expected  fouling  rates.  Forecasting  models  appropriate  for 
these  environments,  as  well  as  for  cold  coastal  and  open-ocean  regions, 
will  be  constructed. 

Key  Words:  Marine  fouling  forecasting,  coastal  fouling  rate; 
open-sea  fouling  rate;  warm-water  fouling  growth  form;  cold- 
water  fouling  growth  form;  mid-ocean  Island  fouling  growth 
form;  warm-water  fouling  test  model;  fouling  rate  prediction. 


1.  Introduction 

Ocean  scientists  and  engineers  require  advance  Information  on  fouling  conditions  In 
different  regions  of  the  world's  oceans  for  effective  planning,  designing,  and  decision  mak¬ 
ing.  To  satisfy  this  requirement,  the  Navel  Oceanographic  Office  is  sampling  fouling 
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communities  in  the  world's  faunal  provinces  and  attempting  to  identify  trends  that  might 
permit  both  long-  and  short-range  forecastings.  We  are  now  10  years  into  this  sampling  pro¬ 
gram,  and  certain  regularities  of  both  growth  form  and  concentration  that  may  be  predictable 
are  becoming  increasingly  apparent. 

We  are  now  able,  in  most  cases,  to  distinguish  between  co astal  and  ope n-  sea  fouling 
communities  on  the  basis  of  the  dominant  organisms  comprising  each.  Within  the  coastal  do¬ 
main  we  can  detect  a  warm-water  growth  form  and  a  cold-water  growth  form,  which  seem  to  meet 
and  mingle  at  about  the  15°  C.  mean  annual  surface  Isotherm  (fig.  1).  Within  the  warm-water 
environment,  we  sometimes  can  further  differentiate  a  mid-ocean  island  modified  growth  form, 
the  effect  of  heavy  grazing  of  the  fouling  community  by  coral  reef  fishes,  and  a  shortage 
of  suitable  substrates  along  sandy  shores. 

We  also  have  noted  definite  trends  in  the  relative  intensity  of  fouling  attachment.  We 
have  observed  that  in  open-sea  areas  the  fouling  rate  diminishes  from  the  surface  to  approx¬ 
imately  the  bottom  of  the  mixed  layer.  Below  the  mixed  layer,  fouling  organisms  do  not  at¬ 
tach  in  sufficient  numbers  to  be  a  problem  for  most  applications,  except  very  close  to  the 
bottom  at  all  depths.  In  coastal  areas,  the  maximum  fouling  attachment  is  likely  to  be  found 
close  to  shore,  with  amounts  decreasing  seaward  and  with  increasing  depth.  We  think  that 
these  slightly  different  patterns  of  distribution  indicate  that  open-sea  fouling  lsrvae  orig¬ 
inate  in  floating,  oceanic  broodgrounds ,  while  coastal  fouling  larvae  originate,  for  the  most 
part,  in  permanently  fixed  shoreline  broodgrounds. 

Fouling  rates  are  extremely  variable  within  the  confines  of  harbors  and  estuaries,  de¬ 
pending  on  the  relative  stress  of  pollution  or  other  local  factors.  This  variation  has  been 
demonstrated  by  many  different  plerside  fouling  studies. 

The  offshore  extent  and  intensity  of  settlement  in  coastal  areas  seems  to  be  related  to 
the  declivity  of  the  bottom;  i.e.,  in  regions  where  the  bottom  slopes  off  very  gradually, 
coastal  fouling  organisms  tend  to  be  found  attached  in  greater  numbers  and  farther  from  shore 
than  in  regions  with  steep  slopes.  We  think  this  can  be  accounted  for  in  two  ways:  First, 
the  circulation  of  the  waters  in  large  shallow  basins,  usually  wind  and  tide  influenced, 
tends  to  move  fouling  larvae  rapidly  away  from  shore,  and  second,  there  is  simply  less  water 
available  in  shallow  basins  to  dilute  the  numbers  of  potential  fouling  larvae  produced  in 
nearshore  b roods tocks. 

If  the  assumptions  we  are  making  about  the  origins  of  fouling  larvae  and  the  mechanisms 
of  dispersal  are  correct,  and  if  these  factors  are  regulating,  and  if  normal  distribution 
patterns  can  be  quantified  —  then,  fouling  rate  forecasts  should  be  possible  on  e  regional 
basis  wherever  local  factors  (pollution,  predation,  etc.)  are  not  limiting. 

To  test  the  above  hypothesis,  we  sampled  the  local  fouling  community  at  a  gri  u  of  sta¬ 
tions  off  Fort  Lauderdale,  Florida  between  1964  and  1968. 

The  coastline  at  Fort  Lauderdale  is  regular  and  oriented  nearly  north  and  south.  The 
bottom  within  10  miles  of  the  coastline  is  generally  a  calcareous  sand,  and  it  slopes  rather 
steeply  into  the  Straits  of  Florida.  The  Fort  Lauderdale  site  is  described  in  greater  detail 
in  an  earlier  report  (1)  . 

A  warm-water  site,  rather  than  a  cold-water  site,  was  selected  for  construction  of  our 
initial  forecasting  model  because  warm-water  fouling  communities  are  more  easily  quantified. 
Not  only  do  warm,  coastal  fouling  communities  enjoy  continuous  settlement  and  growth  of  in¬ 
dividual  members,  but  the  conmunity  tends  to  establish  and  maintain  a  consistently  low- 
profile,  hardshelled  growth  form,  extending  from  the  surface  to  the  bottom.  Cold-water  foul¬ 
ing  communities,  on  thu  other  hand,  tend  to  be  layered;  i.e.,  dominated  by  substantial 
amounts  of  bulky  forms  (mussels  and  kelps)  near  the  surface  and  by  low-profile,  cementing, 
calcareous  forms  near  the  bottom.  These  bulky  forms  attaching  in  the  surface  layer  may  pro¬ 
duce  100  times  as  much  dry  weight  per  unit  area  of  substrate  as  can  be  produced  near  the 
bottom , 

A  coastal  site  was  selected  in  preference  to  an  open-sea  site  for  construction  of  the 
initial  model  because  "blue-water"  sampling,  particularly  over  long  periods  of  time,  is  both 
more  difficult  and  more  expensive. 
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2.  Methods 


We  exposed  stendard  15-cm.  by  30-ca.  wood/asbestos  test  panels  at  the  stations  shown  In 
figure  2  to  determine  fouling  rates  at  various  depths  and  distances  from  shore.  The  term 
"fouling  rate"  Is  here  defined  as  dry  weight  of  attached  organisms  per  unit  area  of  substrate 
per  unit  time  of  exposure.  This  dry  weight  value  provides  a  quantitative  reasure  of  fouling 
productlvl  ty . 

Offshore  test  panels  were  hung  vertically  at  30-meter  Intervals  between  15  meters  below 
the  surface  and  1  meter  above  the  bottom,  mostly  from  buoyed  arrays.  Panels  were  also  ex¬ 
posed  1  meter  below  mean  low  water  at  the  shoreline.  The  panels  were  exposed  for  monthly  and 
cumulative  periods  of  time  up  to  12  months.  These  sampling  techniques  are  standard  for  Naval 
Oceanographic  Office  blofouling  studies. 

After  recovery,  the  fouling  organisms  were  Identified,  counted,  and  measured,  and  the 
fouling  material  was  scraped  off  the  asbestos  surface,  oven-dried  to  constant  weight  at 
100°  C.,  and  weighed. 

The  dry  weight  values  frftra  a  scries  of  12-month  exposures  were  then  plotted  on  a  cross- 
sectional  chart  of  the  test  area  and  contoured  by  percent  of  maximum  accumulation,  using  the 
highest  value  (shoreline  station)  as  1002  (fig.  3).  This  contouring  revealed,  not  surpris¬ 
ingly,  a  regular  decreasing  density  of  settlement  of  fouling  organisms  with  depth  and  dis¬ 
tance  from  shore.  Subsequent  testing  of  this  contour  chart  showed  It  to  be  a  useful  tool  for 
long-range  (12-month)  forecasts  of  fouling  conditions  at  Fort  Lauderdale. 

To  obtain  short-range  forecasts  as  well,  we  plotted,  one  Interval  at  a  time  on  semi-log 
graph  paper,  all  of  the  dry  weight  dace  (1-month,  2-month,  3-month,  etc.)  collected  during 
1964  to  1968  from  all  of  the  stations  within  each  contour  interval.  We  then  enclosed  the 
scatter  of  data  points  for  each  interval  in  bands  and  fitted  the  bands  together  to  form  a 
scatter  diagram  (fig.  4).  After  the  scattergram  overlaps  were  resolved,  80  of  102  data 
points  (782)  remained  within  the  appropriate  limits  of  each  zone. 

This  scattergram  now  provided  a  quantitative,  long-  and  short-range  predictable  descrip¬ 
tion  of  the  fouling  conditions  off  Fort  Lauderdale,  Florida.  Still  to  be  determined,  how¬ 
ever,  was  how  extensively  this  pattern  persisted  In  other  warm-water  coastal  regions. 

3.  Testing  the  Model 

To  determine  the  extent  of  this  coastal  distribution  pattern,  we  then  assembled  all  of 
the  fouling  rate  data  from  27  other  warm-water  (15*  C.  mean  annual  surface  temperature  or 
greater)  stations  we  had  sampled  since  1961.  These  stations  were  located  In  various  coastal 
environments  off  Florida,  Puertc  Rico,  the  Bahama  Islands,  Jamaica,  Ecuador,  Sardinia, 

Hawaii,  Okinawa,  Japan,  and  Thailand.  The  data  bits  from  each  station  were  plotted  as  be¬ 
fore,  and  the  scatter  of  values  from  each  station  was  tested  against  the  Fort  Lauderdale 
scattorband  for  an  equivalent  depth  and  distance  from  shore. 

As  expected,  data  from  most  of  the  stations  (19  of  27)  fit  the  Fort  Lauderdale  pattern 
very  well.  Taken  In  total,  742  of  330  data  points  from  these  19  stations  fell  within  pre¬ 
dicted  limits.  Within  individual  zones,  the  reliability  ranged  from  a  high  of  802  In  zone  0, 
which  had  the  larges"  num'er  ”f  data  points,  to  a  low  of  682  in  zone  B,  which  had  the  second 
highest  number.  These  19  stations  were  all  located  In  regions  where  the  shelf  had  a  moderate 
to  steep  gradient  (greater  than  2°). 

It  was  Interesting  to  note  that  of  the  eight  stations  that  did  not  fit  the  Fort 
Lauderdale  pattern,  dry  weight  data  values  from  two  were  off-scale  on  the  high  s'de  (more 
fouling  than  expected)  and  values  from  the  other  six  were  off-scale  on  the  low  side  (less 
fouling  than  expected).  Both  of  the  stations  having  unusually  high  rates  ot  fouling  were 
located  well  offshore  In  large,  shallow  basins  (Osaka  Bay  and  the  Gulf  of  Thailand)  where 
the  bottom  slope  angle  was  less  than  2°.  The  pattern  of  the  plo  ted  data  values  from  these 
two  stations  Indicated  that  in  shallow  regions  a  modified  zone  chart  vi,.  be  required,  with 
Individual  zone  limits  extending  a  greater  distance  from  shore.  We  are  presently  collecting 
data  which  will  be  used  to  construct  this  modification  to  the  basic  warm-water  coastal  foul¬ 
ing  rate  zone  chart. 
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All  of  the  six  stations  having  the  unusually  low  fouling  ra.es  were  located  on  or  near 
coral  reefs  [Jamaica,  the  Bahamas,  two  sites  in  Puerto  Rico,  and  two  sites  In  the  Kvuku 
Islands].  Many  of  the  recovered  test  panels  from  these  sites  showed  evidence  of  fisli  preda¬ 
tion.  There  was  no  apparent  pattern  to  the  plotted  dry  weight  data  values;  variations  In  the 
dry  weights  from  Individual  test  panels  seemed  to  be  more  a  reflection  of  the  relative  sever¬ 
ity  of  predation  rather  than  of  time,  depth,  or  distance  from  shore. 

We  then  turned  to  the  published  literature  for  other  tests  of  our  warm-water  coastal 
fouling  rate  forecasting  model.  We  were  able  to  locate  only  two  other  Investigators  who  had 
attempted  to  quantify  offshore  fouling  In  terms  of  dry  weight.  One  of  these,  Denise  Bellan- 
Santlnl  (2),  weighed  dried  scrapings  from  a  conduit  pipe  moored  normal  to  the  shoreline  in 
17  meters  of  water  at  an  unspecified  distance  from  shore,  in  a  region  of  the  western  Medi¬ 
terranean  Sea  having  a  moderate  shelf  slope.  She  states  that  the  Fort  Lauderdale  dry  weight 
values  were  "quite  comparable  to  those  obtained  on  the  pipe."  Pequegnat ,  Gallic,  and 
Pequegnat  (3)  also  collected  dry  weight  fouling  data  from  offshore  sites  in  the  shallow 
basin  of  the  northeastern  Gulf  of  Mexico.  Their  values  were  high  compared  to  values  from 
equivalent  Fort  Lauderdale  sites.  The  high  values  might  be  either  a  reflection  of  the  gentle 
sloping  shelf  or  from  the  fact  that  the  Gulf  of  Mexico  samples  included  substantia'  numbers 
of  secondary  foulers  (amphipods  and  other  unattached  forms).  Secondary  foulers  were  not 
generally  harvested  at  Fort  Lauderdale. 

4.  How  to  Forecast  Warm-Water  Coastal  Fouling  Rates 

To  forecast  warm-water  coastal  fouling  rates,  first  determine  the  gradient  of  the  bottom 
in  the  area  of  Interest.  If  the  angle  is  greater  than  2°  (width  and  depth  of  shelf  ratio 
35:1  or  less),  then  estimate  the  depth  of  water,  distance  from  shore,  and  anticipated  length 
of  exposure  at  the  emplacement  site.  Next,  plot  a  point  on  the  Basic  Warm-Water  Coastal 
Fouling  Rate  Zone  Chart  (fig.  3)  appropriate  for  this  depth  and  distance  from  shore.  Finally, 
determine  the  zone  for  this  point  and  the  relative  position  within  the  zone  (high  side, 
middle,  low  side).  The  width  of  the  appropriate  zone,  measured  along  the  abscissa  for  expo¬ 
sure  time  in  the  Warm-Water  Coastal  Fouling  Rate  Scattergram  (fig.  4),  is  the  range  of  dry 
weight  values  that  can  be  expected  to  accumulate  per  one-half  square  foot  (450  square  centi¬ 
meters)  of  vertical  surface  over  this  period  of  time.  This  range  of  values  ran  be  refined 
according  to  the  relative  position  of  the  point  within  the  zone.  For  example,  if  an  object 
Is  planted  on  the  bottom,  one-half  mile  offshore  in  17  meters  of  water,  it  will  accumulate 
85  to  230  grams  of  dry  weight  fouling  per  one-half  square  foot  of  substrate  In  11  months, 
with  the  additional  likelihood  that  this  amount  will  be  closer  to  230  than  85. 

Vertical  surfaces  are  specified  In  these  computations  because  they  represent  average 
fouling  conditions.  It  should  be  recognized,  however,  that  the  lower  face  of  horizontal 
surfaces  will  accumulate  approximately  102  more  dry  weight  fouling  per  unit  area  per  unit  of 
time  and  the  upper  face  approximately  10%  less. 

Appendix  A  is  a  series  of  photographs  which  shows  the  relative  accumulation  of  fouling 
In  the  various  zones. 


5.  Concluding  Remarks 

Although  our  present  forecasting  model  provides  only  a  range  of  dry  weight  values, 
marine  scientists  and  engineers  will  find  It  useful  for  planning  and  decision  making.  So 
far  It  has  been  found  to  have  wide  application  along  continental  shelves  where  the  average 
gradient  is  greater  than  2  degrees  (fig.  1).  Eventually  we  hope  to  be  able  to  forecast 
fouling  conditions  in  all  marine  environments. 

Within  the  limits  described,  we  can  demonstrate  better  than  70%  reliability  for  our 
predictions,  which  Isn't  bad  for  biological  phenomena,  and  puts  us  Just  behind  the  Old 
Fanners  Almanac  among  FEARLESS  FORECASTERS. 
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Discussion 

There  were  two  comments  on  the  differences  in  abundance  of  fouling 
encountered  along  continental  coasts  and  around  oceanic  islands.  The 
first  was  that  these  differences  might  be  a  consequence  of  the  relative 
concentrations  of  primary  producers.  The  second  credited  these  differences 
more  to  the  conflicting  mechanisms  of  larval  dispersal  around  islands,  and 
larval  containment  in  bays . 

Mr.  DePalma  was  asked  if  different  water  masses  did  not  cause  variations 
in  settlement.  He  answered  that  he  had  observed  species  differences  but 
not  significant  weight  differences  in  warm-water  coastal  environments. 

There  were  also  two  comments  on  the  subject  of  fish  grazing.  The 
first  described  briefly  an  experiment  recently  concluded  near  the  Virgin 
Islands  that  did  in  fact  quantify  the  predation  on  fouling  communities  by 
reef  fishes.  The  other  was  a  reminder  that  fish  grazing  is  not  restricted 
to  coral  reefs. 

Another  person  described  the  effects  of  current  speed  on  growth  rates 
of  fouling  organisms,  and  suggested  that  more  precision  could  be  obtained 
in  the  nomogram  if  this  factor  could  be  incorporated. 
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Figure  1.  The  World,  Showing  the  Cane rally 
Accepted  Unite  of  War*  Seen, 
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APPROXIMATE  DISTANCE  FROM  SHORE  OPEN 

(NAUTICAL  MILES)  SEA 


Figure  2.  Study  area  off  Fort  Lauderdale,  Florida  shewing 
approximate  location  of  stations  where  fouling 
rate  data  were  collected  during  1964  -  1968. 
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APPROXIMATE  DISTANCE  FROM  SHORE  (NAUTICAL  MILES) 
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Figure  3.  Basic  Warm-Water  Coastal  Fouling  Rate  Zone  Chart 
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Figure  4.  Warm-Water  Coastal  Fouling  Rate  Scattergram. 


Appendix  A 

Relative  Fouling  Accumulation  In  the  Various  Zones 


12  Months 

Dry  Weight  -  610  grams/panel  (450  sq.cm,) 


6  Months  (Oct-Apr)  -  Middepth 
Dry  Weight  -  295  grams /panel  (450  sq.cm.) 


12  Months  -  Bottom 

Dry  Weight  -  485  grams/panel  (450  sq.cm.) 
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12  Months  -  Middepth 

Dry  Weight  -  122  grams/panel  (450  sq.cm.) 


12  Months  -  Bottom 

Dry  Weight  -  180  grams/panel  (450  sq.cm.) 


ZONK  C 
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12  Months  -  Middepth 

Dry  Weight  -  30  grams/panel  (450  sq.cm.) 


12  Months  -  Bottom 

Dry  Weight  -  78  grams/panel  (450  sq.cm.) 


ZONE  D 
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12  Months  -  Bottom 

Dry  Weight  -  9.0  grams/panel  (450  sq.cm.) 


ZONE  E 
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12  Months  -  Middeptli 

Drv  Weight  -  1.0  gram/panel  (450  sq.cm.) 


12  Months  -  Bottom 

Drv  Weight  -  1.0  graro/panel  (450  sq.cm.) 


ZONK  K 
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Control  of  Marine  Fouling  in  a  Water  Cooling 
System  in  Tropical  Australia 

Dale  Straughan 

Allan  Hancock  Foundation 
University  of  Southern  California 
Los  Angeles,  California  90007 


The  following  is  a  report  on  research  initiated  at  a  request 
from  engineers  at  the  Northern  Electric  Authority  Power  Plant  in 
Townsville  (19°S)  Australia,  for  assistance  in  controlling  marine 
fouling  in  the  water  cooling  system.  A  chlorination  system  using 
chlorine  gas,  was  already  installed.  The  request  was  to  provide 
assistance  in  formulating  the  optimum  chlorination  program  to  con¬ 
trol  fouling  organisms.  The  aim  of  this  research  was  to  provide 
biological  data  to  determine: 

1.  Minimum  effective  r.ilorine  dose. 

2.  Frequency  at  which  dose  should  be  repeated. 

3.  Most  effective  times  of  applying  dose. 

Larval  settlement  on  fouling  plates  was  monitored  daily  both 
in  a  section  of  the  cooling  system  never  exposed  to  chlorine  and  in 
a  section  of  the  cooling  system  where  chlorine  was  administered. 
Intake  chambers  exposed  and  not  exposed,  to  chlorine  as  well  as 
intake  pipes  were  examined  as  often  as  possible.  Laboratory  exper¬ 
iments  were  carried  out  on  the  tolerance  to  chlorine  of  the  dominant 
fouling  organisms  including  the  mussel  Xenostrobus  securis  Wilson 
1967  and  the  pearl  oyster  Pinctada  margitifera. 

Data  is  presented  to  show: 

X.  Normal  fouling  patterns  in  the  water  cooling  system. 

2.  Effects  of  chlorination  in  the  water  cooling  system. 

3,  Results  of  laboratory  experiments  on  exposure  of  tropical 
organisms  to  chlorine. 

This  study  lasted  from  August  1966  to  May  1968.  By  the 
latter  date,  an  effective  chlorination  system  was  in  operation. 


Introduction 

In  1966,  shell  blockage  of  the  condenser  screens  at  the  Northern  Electric  Authority 
Power  Plant  at  Townsville,  north  Queensland  became  an  increasing  problem.  Each  time  a 
blockage  occurred,  the  water  main  in  question  was  closed  down  and  shell  cleaned  from  the 
main  and  condenser  screen.  This  was  not  only  a  costly  process  in  terms  of  man  power  and 
money,  but  with  a  projected  increase  in  demand  for  power  from  this  station,  could  result 
in  power  shortages. 
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The  power  plant  was  within  the  last  few  years  of  its  projected  life.  Therefore,  while 
there  was  a  need  for  increased  efficiency  in  the  control  of  marine  fouling,  costly  recon¬ 
struction  was  out  of  the  question.  At  this  point,  the  Northern  Electric  Authority  installed 
a  chlorinator  and  asked  the  author  for  assistance  in  determining  the  most  efficient  use  of 
ihe  equipment  at  the  power  plant  to  obtain  control  of  marine  fouling. 

On  the  premise  that  the  best  way  to  control  the  fouling  was  to  prevent  larval  settle¬ 
ment,  the  following  questions  were  posed. 

1.  Were  there  any  distinct  temporal  larval  settlement  patterns'.’ 

2.  What  was  the  effect  on  larval  settlement  of  pumping  water  through  the  cooling 
system  at  different  rates? 

3.  What  was  the  effect  of  chlorination  on  larval  settlement? 

The  dominant  species  cleaned  from  the  condensers  were  the  black  lip  pearl  oyster 
Pinctada  margitifera  and  the  mussel  Xenostrobus  securis  Wilson  1967.  These  species 
are  both  considered  sessile  organisms.  However,  both  are  capable  of  movement,  and  if 
dislodged,  are  able  to  secrete  new  bysus  threads  and  reattach  themselves  to  a  solid  sub¬ 
strate.  Hence,  it  was  considered  possible  that  there  was  some  migration  of  juveniles 
(as  opposed  to  larval  stages)  of  these  species  into  the  water  cooling  system.  Two  further 
questions  were  also  posed. 

4.  Was  there  a  significant  migration  of  juvenile  bivalves  into  the  water  cooling 
system? 

5.  What  was  the  effect  of  shlorination  on  juvenile  and  adult  bivalves? 

This  paper  presents  the  answers  to  these  questions  as  determined  in  a  study 
between  August  1966  and  June  1968.  Data  on  the  formation  and  composition  of  the  fouling 
community  will  be  presented  elsewhere. 

Physiography 

The  Northern  Electric  Authority  Power  Station  in  Townsville  (19°  14’  S)  is  situated 
on  Cleveland  Bay  between  Ross  Creek  and  Ross  River  (Figure  1).  The  intake  chambers 
are  located  in  Ross  Creek,  The  water  is  then  pumped  through  6  water  main3  each  600 
yards  (549  m)  long  and  two  feet  (61  cms)  in  diameter,  to  the  Power  Station.  The  water  is 
later  discharged  into  Ross  River.  While  there  is  no  provision  for  returning  hot  water 
through  the  intake  lines,  water  can  be  flushed  back  through  the  water  mains  from  the 
power  station  to  the  intake  chambers. 

Water  enters  the  Ross  Creek  intake  chambers  through  mesh  screens  (Figure  2). 

The  mesh  is  13  x  13  mm  with  an  internal  diagonal  of  16  mm.  The  chambers  are  20  feet 
(6. 1  m)  deep  and  the  entrance  from  the  creek  is  at  the  bottom  of  the  chamber  (i.e.  well 
below  low  water  mark).  Water  enters  the  chamber  both  through  pumping  and  by  tidal  flow. 
Water  is  pumped  through  the  intake  chambers  as  diagramed  in  Figure  2.  It  then  flows 
through  vertical  bars  5  to  10  mm  apart  to  pass  from  the  intake  chambers  into  the  water 
mains  to  the  power  station.  A  third  set  of  screens  with  fine  mesh  (in  the  order  of  1  mm 
diameter  mesh)  are  used  to  protect  the  condensers. 

The  maximum  tidal  range  on  spring  tides  is  12  feet  (3.6  m)  and  the  minimum  tidal 
range  on  neep  tides  is  5  feet  (1.  525  m).  In  general,  tides  exhibit  a  diurnal  pattern.  While 
there  are  usually  two  series  of  spring  tides  each  month,  the  series  are  not  evenly  spaced 
out.  During  the  study,  there  was  11  or  12  days  between  the  peak  of  spring  tides  at  the  new 
moon  and  the  peak  of  spring  tides  at  the  full  mobn,  while  there  was  a  lapse  of  16  or  17 
days  between  the  peak  of  spring  tides  at  the  full  moon  and  the  peak  of  spring  tides  at  the 
new  moon. 


Northern  Electric  Authority  (N.  E.A.)  engineers  recorded  the  temperature  of  water 
entering  the  intake  chamber  for  the  period  December  1966  to  June  1968.  During  this 
period,  water  temperatures  ranged  from  19°C  to  33°C  (Figure  3). 

N.E.A,  engineers  also  recorded  the  rate  of  water  flowing  through  the  test  areas 
of  the  intake  chambers  between  December  1966  and  June  1968.  When  the  pumps  were  working 
at  maximum  velocity,  water  flow  through  the  water  mains  was  3.  3  knots. 

A  total  of  6  pumps  can  be  used  to  pump  water  from  Ross  Creek  to  the  N.  E.A, 
power  station.  Each  pump  has  its  own  water  main  from  the  intake  chambers  to  the  power 
station.  Pumps  1,  2,  3.4  each  have  a  capacity  of  420,  000  gallons  per  hour  while  pumps 
5  and  6  each  have  a  capacity  of  390,  000  gallons  per  hour.  During  most  of  this  survey 
from  1  to  4  pumps  were  in  use.  However,  there  were  periods  of  complete  shut  down  and 
short  periods  in  September  and  December  1967  when  all  pumps  were  operative. 

The  region  is  within  an  arid  zone  (see  0) for  definition)*  and  the  entrance  to  the 
water  cooling  system  is  at  the  bottom  of  Ross  Creek.  Under  these  conditions,  freshwater 
entered  the  water  cooling  system  for  only  one  prolonged  period  in  mid  February  1968 
following  50  inches  (1.251  m)  of  rain  between  February  5  and  18.  The  salinity  dropped 
below  that  of  seawater  for  a  few  hours  only,  on  February  3,  1967,  and  March  15,  1967 
(H.  Fulford,  personal  communication). 

Prior  to  this  study,  chlorination  was  carried  out  in  the  water  mains.  This  had 
generally  ke;  fouling  under  control  with  minimal  problems  of  condenser  blockage  up  until 

1966  (H.  Fulford,  personal  communication).  Chlorination  had,  however,  only  been  in  the 
water  mains  and  not  in  the  intake  chambers. 

Materials  and  Methods 

The  water  intake  chambers  were  examined  when  they  were  emptied  for  cleaning  in 
November  28,  1966,  October,  1967,  and  December,  1967.  A  comparison  of  the  organisms 
on  fouling  plates  and  on  nearby  walls  of  the  chamber  was  made  in  March,  1967,  October, 
1967,  and  December,  1967  to  determine  if  the  fouling  plates  presented  a  realistic  record 
of  fouling  in  the  intake  chambers. 

Number  1  water  main  was  first  examined  in  September,  1966.  The  surfaces  in  the 
main  itself  were  virtually  clean  of  all  fouling  organisms.  The  surfaces  between  valves 
separating  the  intake  chamber  from  the  main  had  not  been  chlorinated  and  fouling  organisms 
from  this  region  were  sampled.  The  water  mains  were  inspected  and  fouling  samples 
collected  whenever  the  mains  were  opened  for  servicing.  Samples  of  shell  cleaned  from 
the  chambers  throughout  the  survey  were  examined. 

Larval  settlement  and  recruitment  was  studied  through  the  use  of  asbestos  cement 
fouling  plates  between  December  1,  1966  and  May  31,  1968,  Asbestos  cement  was  chosen 
because  it  provided  a  surface  similar  to  the  concrete  walls  of  the  intake  chambers.  Fouling 
plates  had  an  exposed  surface  area  of  100  x  80  mm  on  each  side.  Fouling  plates  stood 
vertically  in  a  horizontal  frame  of  the  type  described  by  Straughan  (2). 

Fouling  plates  were  suspended  below  low  water  spring  level  at  Cj  in  the  intake 
chamber  on  December  1,  1966  (Figure  2).  These  plates  were  moved  to  Cg  on  May  31, 

1967  to  nsure  that  these  plates  would  not  be  influenced  by  the  chlorination  program  to  be 


*  Figures  in  parentheses  indicate  the  literature  references  at  the  end  of  this  paper. 
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ver*? 


commenced  at  E  in  June  1967.  To  further  ensure  that  no  chlorine  reached  the  unchlorinated 
control  fouling  plates,  if  no  pumps  were  active  at  the  time  of  chlorination,  chlorine  was 
added  at  E  at  the  commencement  of  the  flood  tide  so  that  flow  for  the  next  6  hours  was  into 
the  chamber  and  not  out  from  E  towards  C 2.  Fouling  plates  in  the  series  were  examined 
at  monthly  and  longer  intervals.  The  establishment  of  this  fouling  community  will  be 
discussed  elsewhere.  Fouling  plates  in  this  series  were  compared  to  nearby  walls  of  the 
intake  chamber  to  determine  if  the  asbestos  plates  were  accurately  indicating  the  larval 
settlement  possible  on  the  walls  of  the  intake  chamber  and  water  mains. 

A  second  series  of  fouling  plates  was  suspended  at  Cj  on  February  1,  1967  and 
moved  to  C2  on  May  31,  1967.  Initially  fouling  plates  were  examined  at  different  ages  in 
increments  of  1  day  to  determine  the  optimum  period  of  plate  exposure  for  maximum 
larval  settlement.  No  settlement  was  recorded  on  fouling  plates  exposed  for  1,  2,  3  days, 

1  barnacle  cyprid  was  recorded  on  plates  exposed  for  four  days,  3  barnacle  cyprids  after 
five  days  exposure,  5  larvae  had  settled  after  six  days  exposure,  10  larvae  had  settled 
after  7  days  exposure.  When  plates  were  exposed  for  up  to  14  days  only  one  additional 
larvae  settled.  Hence,  it  was  considered  that  the  optimum  exposure  period  cf  the  fouling 
plates  to  obtain  maximum  larval  settlement  was  7  days.  One  of  a  series  of  seven  fouling 
plates  was  replaced  and  examined  daily  on  a  rotating  system  so  that  one  plate  that  had 
been  suspended  for  seven  days  was  examined  daily.  This  was  designed  to  give  a  daily 
record  of  larval  settlement  by  a  comparison  of  number  and  size  of  organisms  recorded 
each  day.  Fouling  plates  exposed  for  less  than  7  days  did  not  develop  a  sufficient  layer 
of  micro-organisms  to  encourage  larval  settlement  of  macro-organisms.  Aging  of  fouling 
plates  fcr  24  and  48  hours  in  the  laboratory  prior  to  exposure  to  larval  settlement  did  not 
produce  satisfactory  results. 

A  third  series  of  fouling  plates  were  suspended  below  low  water  spring  level  in 
No.  4  pump  chamber  (E)  July  1,  1967.  This  was  the  position  where  chlorination  of  the 
intake  chambers  occurred.  A  program  of  replacement  and  examination  of  fouling  plates 
parallel  to  that  in  the  second  series  was  followed.  Five  additional  plates  in  the  frame 
were  examined  at  weekly  and  monthly  intervals.  A  comparison  of  larval  settlement  on 
plates  in  the  second  series  (unchlorinated)  and  those  n  the  third  series  (chlorinated) 
between  July  1,  1967  and  May  30,  1968  showed  the  eflects  of  chlorination  on  larval  settle¬ 
ment. 


Chlorine,  in  the  form  of  calcium  hypochlorite  was  added  to  the  intake  chambers 
at  E  so  that  the  concentration  in  pump  chambers  1,  2,  3,  4  was  20  ppm  chlorine.  For  a 
short  period  in  early  June  1967,  (see  Table  4  )  chlorine  was  added  to  give  a  concentration 
of  40  ppm. 

Fouling  plates  were  returned  to  the  laboratory  in  a  rack  in  a  seawater  container. 
They  were  usually  examined  microscopically  immediately  while  all  organisms  were  living. 
Dominant  species  were  identified  while  other  organisms  were  classified  into  major  groups. 
Estimates  were  also  made  of  species  abundance.  If  it  was  not  possible  to  examine  fouling 
plates  immediately,  they  were  held  in  seawater  aquaria. 

Two  types  of  experiments  were  carried  out  to  determine  effects  of  chlorination  on 
juvenile  and  adult  organisms.  Bivalves  were  used  in  most  of  these  experiments  because 
this  was  the  dominant  group  causing  problems  in  the  condensers.  Smaller  organisms 
such  as  barnacles  and  serpulids  were  also  studied  in  some  experiments.  In  the  experi¬ 
ments  to  determine  the  effects  of  the  chlorination  program,  selected  organisms  were 
placed  in  a  wire  basket  suspended  with  the  fouling  plates  at  E.  The  effects  of  the  chlorina¬ 
tion  program  were  determined  by  daily  examination  of  these  organisms. 

Tolerance  of  selected  organisms  to  chlorine  was  determined  in  a  series  of  labora- 
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tory  experiments.  Organisms  were  maintained  in  aerated  aquaria  and  calcium  hypochlorite 
added.  The  aquaria  were  covered  to  reduce  the  rate  of  chlorine  loss.  Organisms  were 
examined  daily  and  the  following  noted: 

1.  attachment  of  bysus  threads, 

2.  gaping  animals  alive, 

3.  gaping  animals  dead. 

There  was  a  high  mortality  of  bivalves  in  the  water  mains  following  the  entry  of 
freshwater  into  the  water  cooling  system  in  February  1967.  This  suggests  that  occassional 
filling  of  the  water  mains  with  freshwater  may  be  an  effective  means  of  fouling  control. 
Hence,  bivalves  were  placed  in  a  series  of  aquaria  with  a  range  of  salinities  from  freshwater 
to  seawater.  Organisms  were  examined  daily  and  the  following  noted: 

1.  attachment  of  bysus  threads, 

2.  gaping  animals  alive, 

3.  gaping  animals  dead. 

Although  most  of  the  problems  such  as  reduced  water  flow  due  to  fouling  growth  in 
the  water  main  and  blockage  of  condenser  screens  was  probably  due  to  the  fouling  in  the 
water  mains,  no  fouling  plates  were  placed  in  these  water  mains.  This  is  because  it  was 
impossible  to  anchor  the  fouling  plates  in  the  water  mains.  Instead,  the  water  mains  were 
inspected  and  fouling  samples  collected  whenever  the  mains  were  opened  for  servicing. 
Samples  of  shell  cleaned  from  the  condersers  were  also  examined.  Twenty  animals  were 
used  in  each  experiment  unless  otherwise  indicated. 

Results 


The  Intake  Chambers 


Comparison  of  fouling  plates  in  series  1  with  the  nearby  walls  of  the  intake  chamber 
revealed  no  major  differences  in  the  fouling  community.  Fouling  developed  to  a  thickness 
of  approximately  3  inches  in  four  months  during  the  summer  following  the  cleaning  of  the 
intake  chambers  (November  1966  to  March  28,  1967).  Therefore  larval  settlement  on  the 
fouling  plates  was  indicative  of  larval  settlement  on  the  walls  of  the  intake  chambers.  Few 
Xenostrobus  were  recorded  either  from  fouling  plates  or  the  intake  chamber,  whereas, 
they  were  removed  from  the  water  mains  by  the  ton. 

The  monthly  total  of  the  number  of  larvae  settling  daily  on  fouling  plates  at  the 
unchlorinated  localities  (Cj,  C2)  is  presented  in  Table  1.  Differences  in  larval  settlement 
numbers  in  February  1967  and  1968  can  be  attributed  to  the  effects  of  freshwater  flooding 
in  1968.  The  higher  rainfall  in  January  1968  than  in  January  1967  (3)  may  likewise  have 
caused  reduced  larval  settlement  in  1968.  In  March  1968,  the  slightly  reduced  settlement 
may  have  been  due  to  a  'lag'  in  recovering  from  the  heavy  rains  in  February  1968  (3).  How¬ 
ever,  overall  there  is  little  difference  in  the  settlement  numbers  recorded  in  March,  April, 
May,  1967  and  March,  April,  May,  1968.  As  the  numbers  of  settling  larvae  in  1968  re¬ 
mained  comparable  to  the  numbers  reported  over  a  similar  period  in  1967,  it  was  assumed 
that,  as  planned,  the  chlorination  program  instigated  at  E  was  not  reducing  larval  settle¬ 
ment  at  the  control  site. 

There  is  some  seasonality  in  larval  settlement  in  that  larval  settlement  was  the 
least  abundant  in  July  -  4  -  and  August  -  29.  There  was  a  peak  in  settlement  numbers  in 
September  -  1419  -  and  the  February-March  period  (all  over  100  per  month  except  during 
the  flood  period).  A  comparison  between  the  number  of  larvae  settling  between  February 
1,  1967  and  May  31,  1967,  and  the  maximum  tidal  height  on  the  day  of  settlement  showed 
that  69%  of  all  larvae  settled  during  periods  when  the  tidal  height  ranged  from  10  to  12 
feet  (3. 05-3.  66  m)  and  99%  of  all  larvae  settled  when  the  tidal  height  ranged  from  8  to  12 
feet  (2.  46-3.  66  m).  This  data  suggests  that  most  larvae  settle  on  spring  tides.  However, 
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large  numbers  of  Halanus  cirratus  settled  during  spring  tide  periods  in  February  and 
March  1967.  Therefore,  it  was  important  to  examine  the  relationship  between  the  numbers 
of  larvae  settling  and  tidal  height  for  the  whole  survey  because  the  above  correlation  could 
lie  of  a  seasonal  nature  and/or  due  to  one  abundant  species  -  namely  Halanus  i  irratus. 

Such  was  the  case.  At  the  end  of  the  survey  only  33%  of  the  larvae  settled  on  days  with  a 
maximum  tidal  height  of  10  to  12  feet  (3.05-3.  66  m),  73%  settled  on  days  with  a  maximum 
tidal  height  of  B  to  12  feet  (2.  44-3.  66  m)  and  80%  settled  on  days  with  a  maximum  tidal 
height  of  7  to  12  feet  (2.  12-3.  66  m).  The  data  did  not  show  any  consistent  correlation 
between  the  number  of  larvae  settling  on  fouling  plates  and  tidal  height. 

55%  of  larvae  settled  when  there  were  no  pumps  working  while  13%,  12%,  9%,  and 
11%  settled  when  a  total  oi  1,  2,  3,  and  4  pumps  respectively  were  working.  Insufficient 
data  were  available  to  consider  situations  where  a  total  of  5  or  6  pumps  were  working. 
However,  under  conditions  of  increased  water  flow,  one  would  expect  either  a  similar  or 
reduced  larval  settlement  to  that  recorded  when  a  total  of  4  pumps  were  working.  How¬ 
ever,  the  operation  of  a  single  pump  is  sufficient  to  significantly  reduce  larval  settlement 
in  the  intake  chambers.  (Numbers  larvae  settling/day  were  compared  to  obtain  this  data. ) 

Comparison  of  monthly  totals  of  larval  settlement  per  day  to  the  unchlorinated  and 
chlorinated  fouling  plates  between  July  1,  1967,  and  January  31,  1968  reveals  over  an 
80%  reduction  in  larval  settlement  on  the  fouling  plates  (Table  2).  Examination  of  the 
walls  of  the  chlorinated  pump  chambers  verified  that  larval  settlement  was  reduced  signi¬ 
ficantly.  It  also  showed  a  low  survival  rate  among  the  larvae  settling  on  the  walls.  I.arval 
settlement  on  the  day  following  chlorination  was  less  than  5%  that  of  settlement  recorded 
on  the  unchlorinated  plates  (Table  3).  Only  35%  of  the  unchlorinated  fouling  plates  bore  no 
larval  settlement  after  a  weeks  exposure  while  55%i  of  the  chlorinated  fouling  plates  bore 
no  settlement  after  a  weeks  exposure.  No  settlement  was  recorded  on  the  unchlorinated 
plates  on  55%  of  the  days  while  no  settlement  was  recorded  on  the  chlorinated  plates  on 
70%  of  the  days. 

Newly  settled  Pinctada  are  of  the  order  of  1-3  mm  wide.  However,  these  were 
seldom  recorded  on  the  fouling  plates.  Usually  Pinctada  appeared  suddenly  on  the  plates 
when  about  10  mm  broad  ami  on  occassions  appeared  up  to  40  mm  broad.  Pinctada  also 
demonstrated  their  mobility  by  crawling  about  aquaria  in  the  laboratory.  As  the  fouling 
plates  were  suspended  by  ropes  from  a  point  above  water  level,  Pinctada  could  not  have 
crawled  onto  the  fouling  plates,  but  must  have  been  carried  to  the  plates  by  water  currents 
and  then  settled  on  the  plates.  The  size  of  the  majority  of  Pine tada  settling  on  the  fouling 
plates  suggested  that  they  have  previously  been  attached  elsewhere.  The  smaller  animals 
could  have  entered  through  the  mesh  from  Ross  Creek.  All  could  pass  from  the  intake 
chambers  and  into  the  water  mains.  Therefore,  the  water  mains  could  be  colonised  by 
larval,  juvenile  and  adult  Pinctada.  Hence,  the  chlorination  program  needs  to  be  such  to 
control  adult  Pinctada  as  well  as  preventing  larval  settlement. 

A  series  of  laboratory  experiments  were  conducted  on  Pinctada  margaritifera, 

Tapes  turgida,  Halanus  cirratus,  and  Pinna  be  color,  all  of  which  occurred  in  the  intake 
chamber  and  were  found  in  shell  removed  from  the  water  mains  using  the  normally 
recommended  chlorine  doses.  Short  exposure  periods  were  used  because  these  low  amounts 
of  chlorine  would  be  rapidly  absorbed  in  the  water  cooling  system.  Aerated  and  non- 
aerated  water  was  used  because  low  oxygen  levels  probably  occurred  in  sections  of  the 
water  mains  when  water  was  allowed  to  stand. 

Pinctada  was  exposed  for  up  to  5  hours  in  1  ppm,  2  ppm,  3  ppm  chlorine  in  un¬ 
aerated  and  aerated  seawater.  The  results  --  100%  survival. 

Tapes  was  exposed  for  up  to  5  hours  in  1  ppm  and  2  ppm  chlorine  in  aerated  sca- 
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water  and  1  ppm  chlorine  in  unaerated  seawater.  The  results  --  100%  survival. 


Balanus  was  exposed  for  up  to  2  hours  in  1  ppm  and  2  ppm  chlorine  in  aerated  and 
unaerated  seawater.  The  results  --  100%  survival. 

Pinna  was  exposed  for  6  hours  in  3  ppm  chlorine  in  aerated  and  unaerated  seawater 
and  2  ppm  in  unaerated  seawater.  The  results  --  100%  survival. 

Organisms  were  also  placed  in  wire  baskets  at  E  to  determine  survival  on  two 
occassions  (Table  4).  The  organisms  tested  without  a  protective  calcareous  exterior 
(anemones  and  the  hydroid  Amathia)  died  first  after  either  one  or  two  days  exposure  to 
doses  of  chlorine  of  20  ppm  or  more.  On  the  other  hand  the  serpulids  (Hydroides 
basispinosus  and  Pomatoleios  kraussii)  were  still  alive  3  days  after  exposure  to  such 
doses  5  times  during  an  8  day  period.  All  Pinctada  died  during  this  period  while  only 
2  out  of  6  Balanus  were  alive  at  the  termination  of  this  experiment.  All  Pinctada  shells 
were  heavily  corroded  by  the  chlorine. 

When  Pinctada  were  exposed  to  40  ppm  in  the  laboratory  where  there  was  less  loss 
of  chlorine  than  in  the  intake  chambers,  1  out  of  10  animals  were  gaping  after  48  hours 
exposure,  and  all  were  dead  after  72  hours  exposure. 

Xenostrobus  were  exposed  to  different  doses  of  aerated  chlorinated  seawater  in  the 
laboratory  (Table  5).  Animals  exposed  to  5,  10,  15  ppm  chlorine  all  recovered  when 
placed  in  clean  seawater.  Animals  exposed  to  20  and  40  ppm  did  not  recover.  When 
Xenostrobus  were  exposed  to  40  ppm  chlorine  in  unaerated  seawater  all  animals  were  still 
attached  to  the  substrate  after  24  hours  exposure. 

Xenostrobus  was  also  exposed  to  freshwater  in  two  separate  experiments.  In  both 
experiments  75%  of  the  animals  were  dead  after  2  weeks  exposure  and  the  remaining 
animals  died  during  the  next  three  days. 

The  Water  Mains 


As  the  water  mains  were  only  2  feet  (61  cms)  in  diameter,  fouling  samples  were 
only  collected  at  their  intake  end.  Examination  of  shell  removed  from  the  water  mains 
following  chlorination  was  considered  an  indicator  of  the  condition  of  the  remainder  of  the 
water  mains. 

Initially  95%  of  the  shell  removed  from  the  water  mains  was  either  Pinctada 
margitifera  or  a  related  species  of  pearl  shell.  However,  by  November  1967,  no  pearl 
shell  was  removed  from  the  pipes,  but  large  amounts  of  Xenostrobus  were  collected. 

These  grew  in  long  strings  of  animals  from  the  sides  of  the  pipes.  Those  strings  eventu¬ 
ally  became  unstable,  fell  off  the  walls  and  were  washed  downstream  to  block  the  conden¬ 
sers.  It  was  apparent  that  the  concentrations  of  chlorine  that  kept  the  water  mains  clean 
of  Pinctada  did  not  control  Xenostrobus. 

A  chlorination  program  was  instigated  in  which  each  main  in  turn  was  chlorinated 
to  15  ppm  at  the  intake  end,  each  week  commencing  December  26,  1967.  The  program  was 
interrupted  during  the  heavy  rains  of  February  1968  and  the  water  mains  were  not  examined 
until  April  1968.  At  this  time  in  main  No.  3  there  was  no  settlement  on  an  area  that  had 
been  cleaned  when  last  examined  (December  22,  1967).  However,  a  few  small  specimens 
of  Xenostrobus  were  found  nearby.  Xenostrobus  was  the  dominant  organism  in  the  pipe  on 
both  occassions.  However,  density  was  reduced  from  approximately  200  per  square  foot 
(35  cms  square)  in  December  to  approximately  100  per  square  foot  (35  cms  square)  in 
April.  Pinctada  was  not  found  on  either  occassion. 
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When  main  No.  2  was  examined  (April  2,  1968)  the  density  of  Xenostrobus  at  the 
inspection  point  was  150  per  square  foot  (35  cms  square).  The  main  was  chlorinated  at 
the  rate  of  30  ppm  and  allowed  to  stand  over  each  of  the  following  three  weekends.  After 
this  treatment,  over  300  lbs.  of  shell  was  removed  from  the  condenser  and  when  the  main 
was  opened  (April  23,  1968)  more  shell  was  washed  out.  At  the  inspection  point,  there 
were  approximately  100  Xenostrobus  per  square  foot  (35  cms  square).  All  specimens  were 
very  small  and  at  this  stage  did  not  cause  any  obstruction  of  the  main.  However,  speci¬ 
mens  were  larger  and  more  abundant  further  along  the  main. 

The  main  was  then  chlorinated  at  the  rate  of  50  ppm  and  allowed  to  stand  on  the 
next  weekend.  Once  again  shell  was  washed  out  prior  to  inspection  (April  29,  1968).  The 
density  of  Xenostrobus  was  approximately  90  per  square  foot  (35  cms  square)  both  at  the 
inspection  point  and  further  along  the  main.  More  shell  probably  fell  off  the  substrate 
subsequently  because  at  this  stage  the  shell  was  weakly  attached  to  the  substrate. 

While  chlorination  rates  of  15  ppm  kill  and  stunt  Xenostrobus  near  the  injection 
point,  higher  chlorination  rates  of  30-50  pp,  were  necessary  to  obtain  control  further 
along  the  main  initially. 

Discussion 

The  aim  of  this  study  was  to  provide  the  optimum  control  of  fouling  organisms  at 
minimal  expense.  Prior  to  considering  actual  dosage  rates  of  chlorine,  it  was  considered 
prudent  to  consider  natural  settlement  rhythms  on  a  seasonal  and/or  tidal  nature  and  the 
effects  of  water  flow  on  larval  settlement.  If,  for  example,  settlement  peaked  consistently 
on  spring  tides,  chlorination  would  coincide  with  periods  of  spring  tides.  This  would  mean 
an  irregular  schedule  because  of  the  irregular  pattern  of  these  tides.  It  was  hoped  to  re¬ 
duce  the  use  of  chlorine  but  obtain  maximum  control  by  applying  it  during  maximum  periods 
of  larval  settlement. 

There  is  a  seasonal  pattern  in  larval  settlement,  with  reduced  larval  settlement  in 
midwinter.  The  reduction  in  larval  settlement  in  October  and  November  following  a  peak 
in  settlement  in  September  is  initially  puzzling.  However,  this  is  probably  due  to  a  grad¬ 
ual  increase  in  pollution  levels  in  Ross  Creek  towards  the  end  of  the  dry  season.  Larval 
settlement  increased  in  December  1967  following  the  onset  of  summer  storms.  A  similar 
pattern  was  found  in  the  larval  settlement  of  Mercierella  enigmatica  in  the  Brisbane  and 
Ross  Rivers  (4,  5).  In  both  river  estuaries  there  is  an  immediate  increase  in  larval  settle¬ 
ment  following  flushing  after  rains.  1967  was  a  year  with  unseasonal  midwinter  rains  (3). 
There  is  probably  no  September  increase  in  larval  settlement  in  the  intake  chambers  in 
years  when  winter  rains  are  absent.  It  is  suggested  that  the  normal  seasonal  pattern  is 
one  of  increased  larval  settlement  during  the  summer  months  but  that  this  increased  larval 
settlement  period  does  not  commence  until  after  the  commencement  of  summer  storms. 

Periodicity  in  breeding  and  larval  settlement  is  the  rule  in  most  species.  Usually 
this  bears  a  strong  correlation  to  tidal  and/or  lunar  periodicity  (1,  4.  5).  Analysis  of  the 
data  on  total  numbers  of  settling  larvae  during  the  study  period  show  no  such  correlation. 

It  is  possible  that  any  correlations  of  the  various  species  (e.g.  Balanus  cirratus  tended  to 
settle  on  high  tides  for  at  least  the  period  February  to  April  1967,  while  Mercierella 
enigmatica  settled  23  +_  days  after  the  penultimate  series  of  spring  tides  (1)  )  with  different 
tidal  phases  cancelled  each  other  in  the  longer  term. 

Increased  rates  of  water  flow  can  reduce  larval  settlement  (6).  Some  species  even 
require  perfectly  still  water  for  larval  settlement.  There  was  a  significant  reduction 
in  larval  settlement  on  fouling  plates  in  the  intake  chamber  when  one  or  more  pumps  were 
active.  This  suggests  increased  settlement  in  the  water  mains  when  there  was  no  water 
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flow.  It  also  suggests  that  the  intermittent  use  of  the  pumps  increased  larval  settlement 
because  each  time  the  pumps  were  used  more  larvae  would  be  brought  into  the  water  mains 
to  settle  during  the  next  quiescent  period.  Hence,  one  would  predict  a  reduction  in  larval 
settlement  in  the  intake  chambers  if  at  least  one  pump  is  continually  working  and  reduction 
of  fouling  in  the  water  mains  during  periods  when  the  plant  is  running  at  maximum  capacity. 

Larval  settlement  was  controlled  by  the  periodic  application  of  chlorine  at  dosages 
of  20  ppm.  This  is  a  much  higher  rate  of  application  than  normally  recommended  for 
fouling  control.  For  example  control  in  a  similar  water  cooling  system  in  the  Brisbane 
river  was  obtained  by  chlorination  at  the  rate  of  1-5  ppm  for  20  minutes  once  during  each 
six  week  period. 

Larval  settlement  may  have  been  controlled  by  lower  levels  of  chlorine.  However, 
the  migration  of  juvenile  Pinctada  into  the  intake  chambers  and  of  juvenile  and  adult 
Pinctada  into  the  water  mains  had  to  be  controlled  as  well  as  juvenile  and  adult  Xenostrobus 
that  settled  in  the  water  mains  during  periods  when  the  water  mains  were  not  in  use. 

Application  of  chlorine  to  20  ppm  in  the  pump  chamber  at  E  was  sufficient  to  control 
fouling  in  this  chamber.  This  should  also  apply  to  application  in  other  areas  of  the  intake 
chambers. 

However,  experiments  showed  that  Xenostrobus  was  more  tolerant  to  chlorine  than 
Pinctada.  However,  while  20  ppm  did  not  kill  this  species,  it  resulted  in  weakened  bysus 
attachment  in  24  hours.  Maximum  back  flushing  of  the  water  mainB  was  recommended  at 
the  end  of  chlorination  periods  in  the  water  mains  to  remove  weakly  attached  mussels. 
Whether  mussels  are  killed  or  only  detached  from  the  substrate,  it  is  necessary  to  back- 
flush  and  remove  them  from  the  water  mains  or  else  the  shells  block  the  condensers. 

Initially  higher  dosages  of  chlorine  were  necessary  to  obtain  control  of  Xenostrobus 
than  to  maintain  it.  In  the  initial  stages  when  more  fouling  organisms  were  present,  the 
chlorine  was  more  easily  absorbed  and  the  dosages  were  less  effective.  Resettlement 
was  by  smaller  specimens  than  those  found  prior  to  control.  In  the  laboratory  experiments, 
the  smaller  animals  were  less  resistant  to  chlorine  than  the  larger  animals. 

To  summarize: 

1.  The  fouling  in  the  water  cooling  system  would  be  significantly  reduced  if  the  system 
was  kept  operating  at  a  maximum  rate. 

2.  Periodic  application  of  chlorine  at  the  rate  of  20  ppm  which  is  allowed  to  stand  for 
24  hours  at  least,  is  necessary  during  intermittent  operation  to  control  fouling. 
Application  should  be  very  frequent  -  every  week  -  during  periods  of  infrequent 
operation  in  the  summer  months  following  the  onset  of  heavy  rains,  and  less  frequent  - 
every  month  to  six  weeks  -  during  midwinter  and/or  periods  of  maximum  operations. 
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Table  1. 


Total  number  of  larvae  recorded  each  month  on  fouling  plates  examined  daily. 


February 

1204 

March 

1342 

April 

629 

May 

351 

June 

214 

July 

4 

August 

29 

September 

1419 

October 

105 

November 

77 

December 

208 

January 

493 

'February 

433 

March 

1046 

April 

788 

May 

419 

^Period  of  rain  and  freshwater  flooding. 
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Table  2. 


Monthly  total  of  daily  larval  settlement  on  chlorinated  and  unchlorinated 

fouling  plates. 

Unchlorinated  Chlorinated 


July 

4 

0 

August 

29 

23 

September 

1419 

206 

October 

105 

85 

November 

77 

22 

December 

208 

27 

January 

493 

173 

Total 

2335 

436 

i 

r 

l 


? 

f 
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Table  3 


Larval  settlement  the  day  after  the  addition  of  chlorine. 

Unchlorinated  Chlorinated 

9  0 

12  0 

20  0 

16  3 

17  1 

12  0 

6  0 

2  0 

0  0 

1  1 

3  1 

0  0 

0  0 

2  2 

0  0 

84  0_ 

Total  184  8 


892 


Table  4. 


Effects  of  chlorine  brought  up  to  the  strength  indicated  on  organisms  placed 
in  cages  in  the  pump  chamber.  +  on  the  date  of  commencement  of  each  program 
indicates  that  the  organism  was  used  but  the  number  was  not  recorded. 


Chlorination 

Program 


Anemones  Amathia  Pinctada  Balanus  Serpulid 


May  1967 


3 

Chlorine  to  20  ppm  + 

+ 

10 

3 

4 

Chlorine  to  20  ppm  Dead 

Dead 

Alive 

Alive 

5 

Removed 

Alive 

Alive 

June  1967 

1 

Chlorine  to  35-40ppm  + 

+ 

8 

6 

+ 

2 

Chlorine  to  20  ppm  Dead 

Alive 

Alive 

Alive 

Alive 

3 

Dead 

Alive 

Alive 

Alive 

4 

Alive 

Alive 

Alive 

5 

Chlorine  to  20  ppm 

Alive 

Alive 

Alive 

6 

Chlorine  to  40  ppm 

Alive 

Alive 

Alive 

7 

Alive 

Alive 

Alive 

8 

(morning  residue  10  ppm) 

Alive 

Alive 

Alive 

Chlorine  to  20  ppm 

(1  gaping) 

9 

1  Dead 

3  gaping 

Alive 

Alive 

10 

4  Dead 

4  gaping 

Alive 

Alive 

11 

8  Dead 

4  Dead 

2  Alive 

Alive 

Table  5. 


Effects  of  exposure  of  Xenostrobus  to  chlorinated  seawater.  •  no  observable 
ill  effects.  Except  where  stated,  20  animals  were  used  in  each  experiment. 


Chlorine 

Time  of  exposure  (hours) 

°/ 00000 

3 

12 

24 

27 

48 

0 

_ 

__ 

_ 

__ 

_ 

5 

- 

- 

- 

- 

15/18 

detached 

10 

bysus 

bysus 

all 

loose 

loose 

detached 

15 

bysus 

bysus 

all 

loose 

loose 

detached 

20 

bysus 

all 

loose 

detached 

40 

alt 

detached 
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Map  of  north-eastern  Australia  showing  the  position  of  Townsville.  Inset 
diagram  showing  relationship  between  Ross  Creek,  the  intake  chambers, 
water  mains,  N.E.  A.  station,  outfall,  and  Ross  River. 
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Figure  2. 
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Diagram  showing  water  flow  through  the  intake  chambers.  Water  enters 
through  screens  A  or  B  and  flows  through  into  one  of  six  pump  chambers. 

It  is  then  pumped  through  water  mains  to  the  power  station.  At  times  there 
is  also  some  flow  between  the  two  sides  of  the  power  station  through  the 
"door". 
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Figure  3. 


Monthly  maximum  and  minimum  water  temperatures  recorded 
at  the  N.E.A.  power  station  between  December  1966  and  May  1968. 


897 


THE  PROBLEM  OF  MARINE  FOULTNG  IN  THE  COASTAL  WATERS  OF  INDIA  AND  ITS 
ECONOMIC  IMPLICATIONS  WITH  SPECIAL  REFERENCE 
TO  FISHING  FLEET  MANAGEMENT 

R  .Balasubramanyan ,  N.Unnikrishnan  Nair  and  A  .G  .Gopatakr  lahna  Pillai 

(Indian  Council  of  Agricultural  Research, 

Central  Institute  of  Fisheries  Technology, 

(Craft  and  Gear  Division^,  Cochin-11, 

Kerala,  TNDTA) 

The  problem  of  marine  fouling  and  its  prevention  is  a 
•ubject  of  very  great  economical  importance  to  all  the  maritime  nations 
of  the  world.  It  is  well  known  that  a  host  of  maritime  countries  bord¬ 
ering  the  Indian  Ocean  are  at  present,  actively  concerned  with  the 
Commercial  exploitation  of  the  natural  marine  llvine  resources  in  their 
eoastal  waters  as  well  as  off-shore  and  deep  sea  areas.  A  large  fleet 
of  fishing  vessels  comprising  of  boats  of  different  sizes,  types  and 
tsnnages.are  taking  part  in  this  tremendous  venture.  The  Indian  fishing 

{loot  comprising  of  innumerable  indigenous  sailing  crafts  and  a  large 
umber  (nearly  10,000'  of  introduced  mechanised  boats  have  all  assumed  a 
greater  responsibility  to-day  than  ever  before  in  the  harvestir^  of  the 
natural  food  resources  of  the  seas  around  India,  Of  the  69  million  tons 
of  fish,  the  world  produces  to-day  (l97R),  India’s  annual  contribution 
is  about  1.7  million  tons.  Besides  feeding  her  own  millions  of  people, 
India  has  also  exported  to  world  markets  nearly  36OOO  tons  of  marine 
products  valued  at  about  3S1  million  rupees  during  197G-,71»  The  entire 
pconomy  and  the  well  being  of  the  Indian  fishing  industry  to-day  lies, 

£0  a  great  extent,  in  the  efficient  operation  and  management  of  her  fish¬ 
ing  fleet.  Apart  from  the  high  initial  capital  Investment  on  the  devel¬ 
opment  and  the  expansion  of  the  fishing  fleet,  an  enormous  amount  of 
money  is  being  spent  annually  on  their  proper  maintenance  so  as  tro  obtain 
a  prolonged  trouble  free  life  and  uninterrupted  useful  service  from  them. 
The  real  weight  of  the  fouling  problem  in  India  with  an  economical 
background  is  presented  in  this  paper. 

One  major  problem  that  constantly  interferes  with  the 
smooth  sailing  of  fishing  vessels  in  the  warm  Indian  tropical  waters,  is 
the  intensive  settlement  of  the  marine  fouling  organisms  on  the  boat 
hulls  and  their  successful  prevention. 

Settlement  of  the  marine  fouling  organisms  is  common  on 
all  structures  exposed  to  sea-water,  may  that  be  wood,  steel,  aluminium, 
fibreglass-reinforced  plastics  (FRP  or  GRP)or  even  ferro-cement  either 
in  their  static  or  dynamic  conditions.  As  a  result  of  this  accumulated 
fouling  complex  on  the  hull  that  is  always  exposed  to  sea-water,  the 
boat  gradually  develops  undue  frictional  resistance  resulting  in  the 
corresponding  decrease  in  its  normal  speed,  increase  in  its  fuel  consump¬ 
tion  with  poor  manoeuvrability.  Marine  fouling  also  causes  the  loss  of 
efficiency  of  all  under-water  propelling  devices  and  the  frequent  mal¬ 
functioning  of  al  underwater  electronic  installations.  Fishing  vessels 
have  to  be  dry-docked  every  now  and  then  or  atleast  once  a  year  to  get 
rid  of  all  the  unwanted  fouling  and  refloat  them.  This  means  a  constant 
source  of  recurring  expenditure  and  loss  of  fishing  days,  but  fouling  has 
to  be  prevented  and  the  hull  below  water-line  should  remain  as  clean  and 
as  smooth  as  possible  and  at  any  cost.  There  is  still  no  one  successful 
and  economical  method  of  preventing  marine  fouling.  The  problem  of  marine 
fouling  has,  therefore,  attracted  the  attention  of  biologists,  chemists, 
engineers,  technologists  alike  and  a  great  volume  of  literature  on  this 
subjeot  has  thus  accumulated .( 1 )  In  India,  scientific  contributions  on 
this  subject  of  marine  fouling  have  been  made  from  time  to  time  since 

1  Figures  In  parentheses  indicate  the  literature  references 
at  the  end  of  this  paper. 
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the  last  four  rlecados  ftnrt  very  valuable  findings  have  so  far  been  docuoient 
ed  (?-9). 

Fouling  by  plants  and  animals  in  sea-water  is  more  a  blfllo- 
gical  phenomena  well  supported  by  the  varied  hydrographical  features  and 
the  geographical  position  of  the  location.  Though  nearly  different 

specios  of  animals  and  600  different  species  of  plants  have  so  far  been 
identified  in  tho  marine  fouling  complex  encountered  all  over  tho  world 
(l'  practically  a  restricted  few  of  them  bacon*  a  regular  menace  to  all 
fishing  crafts  by  virtue  of  their  general  structure  and  volume,  and  by 
their  permanent  settlement  on  hulls  under-wator.  The  marine  foul ing 
complex  along  the  *5^0  km.  length  of  coastal  waters  of  India  appears  to 
be  a  true  representat i vs  of  the  typical  Tndo-V*»st  Pacific  tropical  flora 
and  fauna* 
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The  mi  croscout c  fouling  forms  ore  the  bacteria,  diatoms, 
inri’i''  Oini'l  ,  protozoans  and  rotifers  while  tho  macroscopic  forms  are  the 
sponges,  coolentorates,  flat  worms,  bryoroans,  tube-worms,  amphtpoda, 
barnacles,  molluscs  otc,  apart  from  the  marine  algae  and  few  other  free 
living  planarlans,  nomerttnos,  polychaetes,  isopods,  decapods,  gastropods 
and  pisces  (?'.  To  a  small  extont  the  green  algae  is  represented  by 
Entoromorpha ,  111  vi  etc  particularly  on  the  wind-water  zona  of  tho  boats. 

The  cirripodo  barnacles  are  mostly  and  conspicuously  represented  by 
Hal  anus  nmph i t  r I te  varieti  01  communi s  and  var 1 eea t ns t  Pal  anus  tlntlnnahulam 
t  tnt innabulam  and  chthamalns  stel latus  stel  latns  |  the  annet i dan  tube- 
worms  by  tlie  ever  present  Tydro  ides  no  rvogl cn  |  serpnla  vnrmt  cnl  ar  i  a  and 
Merrlerella  enlgmntica;  I  ho  "rtnprncta  ( Tlrvozoans  nr  Pol yzeansl  comprising 
of  both  oncuetlng  ’■ml  erect  forms  and  causing  the  unique  sea-mat  bv  the 
presence  of  colonies  of  Momhranl per a  sp ,  plectra  spp  and  Pugul a  nertina  , 
and  »he  Lamnl 1 1  branch  bivalves  are  well  represented  hv  a  number  of  spocles 
cons  1st  In,-  of  Pstrea.  r.r  assost  rea  .  Mytllu.  and  Modiolus  ( T ,  *})  .  Plate  2. 

Tho  barnacles,  tube-worms,  b-yozoans  and  mussols  are  by  far 
the  most  Important  forms  from  the  point,  of  view  of  surface  covorage, 
volume  and  woight  when  they  a  l  settle  and  colonize  on  boat  hulls.  Periods 
of  regular  breeding  and  intensive  settlement  of  the  fouling  forms  were 
carefully  investigated  which  proved  to  show  their  quicker  growth,  early 
maturity,  greater  fecundity  and  greater  tolerances  in  environmental  changes 
in  the  tropical  waters  (7«,,lf*'.  The  tropical  marine  fouling  flora  and 
fauna  appeared  to  be  unique  in  many  respects  and  in  particular  the  heavier 
and  denser  growth  of  protective  shells  were  the  noteworthy  feature.  A 
suppoi  ting  investigation  on  the  hvdrographi cnl  conditions  of  the  aquatic 
environment  brought  to  light  the  greater  influence  of  water  salinity  and 
only  a  lesser  influence  of  sea-wator  temperature  on  the  fouling  complex 
encountered  (7}.  Though  fishing  trawlers  in  Tndia  maintain  an  average 
speed  of  7  to  11  knots  under  normal  fishing  cruise,  they  tend  to  get 
heavily  footed  at  the  time  of  their  long  detention  at  their  ports.  The 
intensity  of  fouling  is  mostly  confined  to  few  selected  zones  on  the  hull 
below  water-line  such  as  at  the  tunn  of  the  bilge,  below  the  keel,  rudder 
surfaces  and  water-line  belt.  Displacement  hulls  with  deep  draughts  had 
comparatively  more  of  fouling  organ  isms^may  be  due  to  the  large  area 
exposed.  Pronzo  propellers  and  copper  metallic  surfaces  wore  also  heavily 
fouled  under  their  galvanic  inactivation.  External  installations  of 
cathodic  protection  sometimes  interfered  with  the  efficient  performance  of 
antifouling  coatings.  Layers  and  1  yers  of  marine  foulants  ospec  tally 
shell  bearing  forms  not  only  have  caused  surface  damages  to  wooden  fishing 
boats  but  also  accelerated  corrosion  of  steel  hulls  after  causing  damages 
to  the  protective  paint  coatings. 
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accumulation  of  fouling  forms  weighing  11  to  11  kg.  per  square  meter 
(dry  weight,  excluding  silt  and  ot.hor  non-fouling  matter'  of  hull  surface 
exposed  to  sea-water  was  present  during  p  period  of  7  to  ft  months  of 
acl Ivo  service.  Sluggish  movomonts  and  considerable  loss  of  speed  were 
encountered  with  such  vessels.  hudders  wore  inactive  and  propellers 
were  less  efficient  In  their  performance  and  on  an  average  about  3ft  to 
J5'*  loss  of  spoed  In  different  class  of  trawlers  was  also  noticed  under 
heavy  fouling  conditions  which  of  course  was  more  or  less  regained  once 
tho  vessels  were  refloated  after  hull  cleaning  and  painting.  The  British 
Admiralty  makes  an  allowance  for  design  purposes  for  an  increase  of 
frictional  resistance  due  to  fouling  at.  the  rate  of  l/2  percent  per  day 
out  of  dock  In  tropical  waters.  TBst8  on  li.ft.S.  Hamilton  showed  that  as 
a  result  of  fouling  on  tho  propellers,  the  increase  in  SHP  was  two  or 
three  times  tho  Increase  In  thrust"(l).  Tests  carried  out  on  a  small 
training  vessel  1 YAYOI  MAW  indlcatod  that  after  15  months  when  the  ship 
was  considerably  fouled,  the  resistance  increased  over  100^  (l6).  The 
National  Council  of  imerican  Shipbuilders  brought  to  notice  that  a  ship 
after  being  out  of  dry-dock  for  200  dnys  the  increase  in  power  required 
to  maintain  the  same  speed  was  21*'*!.  Extremely  light  fouling  by  barnacles 
growing  to  approximately  i/ft"  high  and  j/l6"  across  the  base  alone  has 
Increased  the  total  resistance  of  a  ship  by  almost  30''.  (17)  Tt  is  esti¬ 
mated  that  es  much  as  200  tons  of  fouling  may  he  removed  from  a  ship's 
bottom  at  a  single  docklng.(l)  "Mussels  have  bean  observed  to  accumulate 
at  a  rate  of  one  pound  per  square  foot  of  surface  per  month,  and  barnacles 
at  about  half  this  rato.  The  maximum  accumulation  of  fouling  which  has 
boon  recorded  from  navigation  buovs  is  about  25  pounds  per  square  foot  in 
35  months.  Tn  the  caso  of  harnacles,  tho  maximum  accumulation  recorded 
amounted  to  pounds  per  square  foot  on  a  bmoy  set  for  a  year."(l) 

Similar  detailed  ohsorvations  under  Tndlan  tropical  conditions  have  also 
been  made  and  the  final  data  Is  under  processing. (l8)  Tn  general,  fouling 
by  barnacles,  oysters,  tubeworms  and  mussels  are  comparatively  high  in 
the  tropical  warm  waters  of  India. ( 1ft),  Plate  1 

The  systematic  examination  of  the  effects  of  fouling  is  of 
comparatively  recont  origin  although  the  problem  has  been  recognised  from 
ancient  times.  Even  as  early  as  in  the  5th  century  B.C.  there  are 
written  records  of  the  treatment  of  ship's  bottom  and  there  is  no  doubt 
that  the  maritime  nations  of  the  ancient  world  took  measures  to  prevent 
fouling  (l).  Even  to-day  toxic  pigments  like  Copper,  Mercury,  Arsenic 
and  other  organo  metallic,  compounds  incorporated  in  palnta  form  tha 
commercial  antifouling  coatings.  Studiss  tn  India  on  tho  biological 
evaluation  of  a  number  of  commercial  antifouling  paints  have  only  indica¬ 
ted  much  scope  for  their  improvement  as  regards  the  design,  formulation 
toxic  loading  and  actual  efficient  performance .( 1 2, 1*1,  1 5)  Fishing  trawlers, 
as  a  routine  measure  in  India,  are  hauled  up  once  a  year  on  tha  slipway 
or  dry  dock  for  cleaning  and  painting  the  hull.  Hauling,  claanii^, 
painting,  slipway  rent  and  launching  accounts  for  nearly  JO  to  B0<  of  the 
total  expenses  Involved  while  the  cost  of  paint  is  only  20  to  30^, 
obtainable  on  an  average  price  of  '>,12  to  15  per  litre  with  only  5  months 
fouling  free  life.  Tt  Is  roughly  ostlmated  that  the  present  Tndlan 
mechanised  fishing  fleet  atone  would  require  annually  approximately 
3,00,000  litres  of  anttfouline  paints  (exclusive  of  primers  and  anti¬ 
corrosive  paints)  valued  at  »?. f*5 •  OO, 000  to  keep  their  hulls  free  from 
fouling  and  to  have  a  smooth  sailing  only  for  a  limited  period. 

This  Institute  brought  to  light  the  Increased  efficiency  of 
Copper-ace to -arsenlte  (7  to  ft  months  of  fouling  free  life)  as  a  toxic 
pigment  in  the  antifouling  coatings  in  lieu  of  the  conventional  cuprous 
oxide . ( 1 4)  For  the  first  time  In  Tndla,  a  laboratory  formulation  of 
antifouling  paint  with  organo  metallic  tin  (Tri-butyi-tin  oxide)  was 
formulated  and  was  put  to  successful  trials  (19).  The  more  efficient 
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expoxy  or  vinyl  based  ant  l  foul  I ng  compositions  are  not  In  use  now  on  account 
of  their  being  highly  priced  and  also  that  the  raw  sntnrhl*  hove  still  to 
be  imported  Into  India,  Other  than  anti  fouling  paint  coatings,  lnnumorable 
methods  are  being  suggested  frohi  time  to  timo  for  the  successful  prevention 
of  the  marine  fouling  from  Ship's  bottom,  like  underwater  mechanical 
brushing  generating  electronic  vibration*  on  the  hull,  and  releasing  of 
highly  toxic  chemicals  when  desired  through  pipe  system  inatillel  at  impor¬ 
tant  locations  on  the  hull  under  water  but  unfortunately  these  suggestions 
will  have  considerable  resistance  from  the  Indian  fishing  community  on 
account  of  their  nood  for  higher  Initial  investment  and  elaborate  techni¬ 
calities.  Efficient  toxic  "ntifoullng  paints  will  have  the  best  reception 
provided  a  fouling  free  life  of  one  to  three  vears  are  assured  both  for 
smaller  boats  and  bigger  class  of  vessels.  \nv  further  studios  on  marine 
fouling  can  not  be  considered  as  of  acadomlc  nature  any  longer  but  the 
subjoct  now  has  Immense  Industrial  a;:pl.  lcabili  ty  and  the  several  facets  of 
thoir  prevention  techniques  have  become  a  technology  by  1 tsolf . 

Indian  fishing  fleet  Is  fast  expanding  in  size  as  well  as  in 
numbers.  In  tho  absence  of  adequate  dry-docking  facilities  at  present,  the 
only  way  is  to  enhance  the  effective  life  of  antifouling  paints  or  to 
bring  out  a  most  economical  alternate  method  of  preventing  fouling.  The 
newer  construction  materials  like  fibreglass  reinforced  plastics,  marine 
quality  atunlnlum  and  "ferroeemont "  and  their  exposed  surfaces  will  in  no 
way  he  free  from  fouling  In  Indian  waters.  Thus  tho  problem  of  marine 
fouling  and  its  successful  prevention  still  baffles  the  scientific  world 
and  will  continue  to  remain  a  challege  to  all  maritime  nations .  Plate  3 
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Succession  and  Seasonal  Progression  in  the  Fouling 
Community  at  Beaufort,  North  Carolina 

John  P.  Sutherland  and  Ronald  H.  Karlson 

Duke  University  Marine  Laboratory 
Beaufort,  North  Carolina 


In  this  study,  community  development  (succession) 
and  seasonal  changes  in  species  abundance  (seasonal 
progression)  were  followed  on  undisturbed  substrate 
at  Beaufort,  N.  C.  Substrate  was  made  available  at 
different  times  of  the  year  to  determine  the  effect 
of  differences  in  colonizing  species  composition  on 
these  two  processes.  Organisms  were  collected  on 
ceramic  tile  plates  (232  cm?),  suspended  on  a  rack 
approximately  0.3  m  below  the  low  tide  mark.  Those 
sessile  organisms  which  settled  on  the  lower  surface 
of  these  plates  and  were  the  major  competitors  for 
space,  constituted  the  assemblage  of  organisms  studied. 

Submergence  time  had  a  dramatic  effect  on  colonizing 
species  composition.  Plates  which  were  submerged 
monthly  during  May-November  1971  were  colonized  by 
different  species  and  showed  different  patterns  of 
initial  community  development.  There  was  also  considerable 
year  to  year  variation  in  initial  development.  However, 
seasonal  progression  on  undisturbed  plates  was  generally 
less  dramatic  than  seasonal  changes  in  colonizing 
species  composition.  Thus  the  two  processes  do  not 
appear  to  be  directly  related.  Some  evidence  of 
succession  was  indicated  on  the  plates  submerged  from 
May-November  1971.  By  June  1972  these  plates  were 
more  similar  in  species  composition  than  they  were 
during  1971,  suggesting  an  approach  to  a  climax  state. 

We  feel  the  term,  seasonal  progression,  should  be 
applied  only  to  seasonal  changes  in  species  abundance 
on  undisturbed  substrate,  after  succession  has  produced 
a  climax.  It  should  not  be  synonomous  with  seasonal 
changes  in  colonizing  species  composition.  On  this 
definition  we  are  still  unable  to  determine  the  extent 
of  progression  at  Beaufort  because  we  still  have  not 
defined  the  climax  community. 


1.  Introduction 

The  assemblages  of  organisms  commonly  associated  with  the  fouling  of 
man-made  structures  are  prime  candidates  for  the  study  of  natural  communities. 
They  have  already  been  the  focus  of  considerable  attention  (11,19)*  with  the 


'The  numbers  in  parentheses  refer  to  the  list  of  references  at  the  end  of 
this  paper. 
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result  that  many  of  the  animals  are  well  known  biologically.  Many  of  the 
dominant  organisms  are  sessile  and  the  communities  earn  be  replicated  on 
artificial  substrete  which  is  easily  examined.  As  a  result  they  approach 
laboratory  systems  in  their  ease  of  manipulation  and  sampling.  Although 
a  great  deal  of  stuly  has  been  conducted  on  these  communities,  much  of  it 
is  taxonomic  in  orientation  (2,5,6,7,16,17,18,19)  and  relatively  little 
attention  has  been  paid  to  the  long  term  dynamics  of  undisturbed  communities. 
The  only  quantitative  information  generally  consists  of  counts  of  organisms 
settling  on  substrate  exposed  for  short  (1-3  months)  periods  of  time  (19). 

The  dynamic?  of  undisturbed  communities  are  of  considerable  interest, 
particularly  at  Beaufort,  N.  C. ,  where  they  have  been  reported  to  undergo 
profound  seasonal  changes  in  species  abundance  (10).  Moreover,  colonizing 
species  composition  varies  dramatically  at  Beaufort,  with  the  time  of  year 
when  substrate  is  made  available  (10).  Seasonal  changes  in  species 
abundance  and  in  colonizing  species  composition  have  both  been  used  as 
evidence  for  seasonal  progression,  as  opposed  to  succession  towards  a 
climax  (6,12,13).  Scheer  (13)  was  one  of  the  first  investigators  who 
•tte'ipted  to  distinguish  between  progression  and  succession  in  fouling 
communities.  He  cited  McOougall's  (10)  work  at  Beaufort,  N.  C.,  as  an 
example  of  seasonal  progression  and  his  own  work  at  Newport  Bay,  California, 
as  true  succession.  He  concluded  that  the  differences  in  community  dynamics 
were  probably  a  result  of  differences  in  the  annual  range  of  temperature, 

23*C  at  Beaufort  and  5*C  at  Newport  Bay.  Haderlie  (6)  also  reported  the 
absence  of  seasonal  progression  at  Monterey,  California.  However,  Reish  (12) 
concluded  that  seasonal  progression  was  more  important  than  succession  in 
Alamitos  Bay,  California.  It  is  probably  true  that  aspects  of  both 
succession  and  seasonal  progression  were  present  at  Beaufort  and  in  Southern 
California,  but  that  they  were  imperfectly  differentiated.  In  particular, 
an  appropriate  time  scale  must  be  agreed  upon  for  the  evaluation  of 
successional  versus  progressional  stages,  and  for  defining  climax  (stable) 
states. 

The  purpose  of  this  study  was  to  re-examine  the  processes  of  succession 
and  seasonal  progression  on  undisturbed  substrate  at  Beaufort,  N.  C.  Sub¬ 
strate  was  made  available  at  different  times  of  the  year  to  determine  the 
effect  of  differences  in  colonizing  species  composition  on  these  two 
processes.  The  present  work  is  the  base-line  portion  of  a  larger  experi¬ 
mental  program  designed  to  determine  the  mechanisms  of  species  replacement 
in  this  community. 

We  wish  to  thank  William  Kirby-Smith  and  Bob  Lewis  for  providing 
temperature  and  salinity  data.  Andre  Aucin,  Mike  Corcoran,  Ann  Dean,  Timmy 
Green,  Wayne  Harrington,  and  Pat  Sutherland  all  helped  with  the  time 
consuming  sampling  procedure,  some  without  pay.  Marty  Farmer  prepared  the 
figures.  This  research  has  been  supported  by  the  Office  of  Naval  Research. 

2.  Methods 

Organisms  were  collected  on  the  lower  surface  of  unglazed  ceramic  tile 
plates  (232  cm2)  suspended  horizontally  on  racks  beneath  the  Duke  Marine 
Laboratory  dock.  The  plates  were  approximately  .3  m  below  the  low  tide 
mark  and  remained  continuously  submerged.  The  rack  used  in  1970  had  to 
be  discontinued  in  April  1971,  because  it  became  impossible  to  remove  the 
plates  without  disturbing  the  animals  growing  on  them.  In  1971,  the  rack 
consisted  of  4,  3m  lengths  of  5.1  cm  diameter  PVC  pipe,  bolted  to  end 
pieces  so  they  were  parallel  and  about  40  cm  apart.  Each  plate  had  a 
6.5  mm  stainless  steel  bolt  fixed  permanently  through  the  center  with  a 
cotter  pin.  These  bolts  were  driven  through  holes  in  the  PVC  pipe  and  held 
in  place  with  a  removable  cotter  pin.  With  this  design  they  could  be 
removed  from  the  rack  and  handled  without  disturbing  organisms  on  the  lower 
surface.  During  1971,  mobile  invertebrate  predators  (e.g.,  nudibranchs) 
were  found  to  move  from  plate  to  plate  along  the  rack,  disrupting  the 
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development  of  plates  submerged  at  different  times.  To  prevent  this  i: 

1972,  each  plate  was  bolted  to  PVC  caps  which  were  threaded  onto  one  a. id 
of  5.1  cm  diameter  PVC  pipes.  The  pipes  were  about  2  m  long  and  the  other 
end  was  attached  to  the  dock  above  the  high  tide  mark.  Thus  in  1972,  each 
plate  was  suspended  independently. 

The  first  series  of  (3)  plates  was  submerged  in  October  1970.  During 
1971,  additional  series  of  (3)  plates  were  submerged  each  month  from  May 
through  November.  In  1972,  the  number  of  plates  in  a  series  was  increased 
to  4  and  new  series  were  submerged  each  month  from  April  through  July.  In 
all  cases,  series  were  submerged  at  approximately  the  first  of  their 
respective  months. 

The  plates  were  sampled  periodically  in  a  non-destructive  manner  to 
provide  information  on  recruitment,  growth  and  mortality  for  each  species, 
and  competition  for  space  between  species.  For  each  sample,  the  plates  were 
removed  from  the  rack,  brought  to  the  laboratory,  and  examined  in  a  small 
aquarium  supplied  with  recirculating,  aeriated  water.  Temperature  was 
maintained  within  i  5*C  of  ambient  water  temperature.  All  organisms  appeared 
healthy  and  unharmed  by  our  handling  procedure.  From  January  to  November 
1971,  the  position  and  size  of  each  individual  or  colony  was  traced  onto  a 
glass  pane,  placed  over  the  plate.  A  sighting  device  was  used  to  reduce 
problems  of  parallax.  The  community  map  thus  produced  was  retraced  onto 
paper  and  stored.  Percent  cover  of  each  species  was  estimated  by  measuring 
the  area  it  occupied  on  the  map  with  a  planimeter  accurate  to  S  1  mm2.  This 
method  proved  to  be  extremely  time  comuming  and  after  November  1971, 
percent  cover  was  estimated  by  a  point  «ampling  technique.  A  plot  of  random 
points  was  generated  by  computer  on  an  area  equal  to  that  of  the  ceramic 
tile  plate.  These  points  were  traced  onto  the  glass  pane  which  was 
suspended  over  the  plate.  Using  the  sighting  device  it  was  noted  which 
species  were  under  each  point.  We  found  that  75  points  ?ave  us  estimates 
of  percent  cover  within  t  5%  of  planimeter  estimates  (<5%  for  the  more 
abundant  species).  We  considered  this  adequate,  especially  since  we  were 
most  interested  in  the  more  common  species  (see  below).  A  different  set 
of  75  random  points  was  used  for  successive  samples  of  the  same  plate. 

Only  the  area  occupied  more  or  less  exclusively  by  a  species  was 
sampled.  Canopies  were  not  counted  as  occupying  space;  only  the  basal 
area  of  attachment  was  counted.  Areas  or  points  where  species  grew  on  top 
of  other  species  were  counted  twice  except  when  the  lower  species  was  a 
dead  barnacle.  Dead  barnacles  were  treated  differently  because  organisms 
grew  on  them  readily  and  they  often  persisted  for  months  beneath  a  layer 
of  tunicates  or  bryozoans  (see  below).  Thus  it  was  possible  to  estimate 
>  100%  coverage. 

Data  analysis  was  performed  by  a  PDP  11/20  computer,  except  that  plani¬ 
meter  estimates  of  percent  cover  were  computed  on  an  IBM  1130  computer.  The 
major  problem  in  analysing  percent  cover  data  involved  the  pooling  of  data 
from  different  plates  in  the  same  series.  Because  plates  in  the  same 
series  were  not  sampled  simultaneously,  data  from  a  given  plate  often 
applied  to  a  different  time  interval  than  those  of  other  plates  in  the  same 
series.  In  order  to  pool  the  data  we  assumed  that  events  on  each  plate 
occurred  uniformly  throughout  the  sample  interval.  Thus,  on  a  given  plate 
if  a  species  increased  its  percent  cover  by  50%  in  40  days,  its  increase 
was  considered  to  have  been  1.25%/day.  In  the  computer  memory,  an  array 
was  set  aside  for  each  species  on  each  plate  and  numbered  for  each  day  of 
the  study  period.  The  appropriate  rate  of  change  (plus  or  minus)  for  each 
species  was  placed  in  each  of  the  elements  of  the  array  representing  a 
day  in  the  sample  interval  (e.g.,  from  day  70  to  day  110)  for  that  plate. 

When  this  was  done  ^^all  species  on  a  given  plate,  the  percent  cover  of 
each  species  could  be  estimated  at  arbitrary  intervals  by  summing  the  rate 
of  change  from  day  1  (day  of  submergence).  Since  these  arbitrary  intervals 
coincided  in  time  for  each  of  the  plates  in  the  series,  a  mean  and  standard 
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deviation  of  %  cover  could  be  calculated  which  applied  to  a  particular  time 
period.  The  arbitrary  interval  was  chosen  to  approximate  the  actual 
sampling  interval,  14  days  from  Hay  to  November  1971,  and  30  days  for  all 
other  time  periods . 

Details  of  the  analysis  of  variance  on  percent  cover  c*re  included  in 
the  appropriate  section  in  Results. 

To  determine  reproductive  periodicities,  3  plates  were  examined  at  1-2 
week  intervals  for  the  number  of  larval  recruits.  After  being  examined, 
these  plates  were  scraped  clean  and  resubmerged.  Three  different  sets  of 
(3)  larval  recruitment  plates  were  used  to  coincide  with  the  series  of 
plates  submerged  in  October  1970,  May  through  November  1971,  and  April 
through  July  1972.  Data  wer*  collected  from  plates  on  the  1970  rack  from 
22  April  to  6  May  1971.  Earlier  data  from  this  rack  were  inadequate  because 
of  problems  with  species  identification.  Data  were  collected  from  plates  on 
the  1971  rack  from  13  May  1971  to  13  April  1972,  and  from  plates  on  the  1972 
rack  after  20  April  1972.  Daily  settling  rates  were  calculated  for  each 
species  on  each  of  the  3  plates.  These  daily  rates  were  summed  over  an 
arbitrary  7  day  period  to  provide  weekly  estimates  of  the  number  of  larvae 
which  had  settled  on  each  plate.  Data  from  all  plates  were  then  used  to 
calculate  the  mean  number  (and  standard  deviation)  of  larval  recruits  for 
each  week. 

During  1970  and  1971,  temperature  data  were  collected  at  the  Duke 
Marine  Laboratory  dock,  augmented  by  data  collected  at  the  nearby  National 
Marine  Fisheries  Service  dock.  Weekly  temperature  ranges  were  taken  from 
tables  which  reported  daily  maximum  and  minimum  temperatures  except  when 
the  daily  temperature  range  was  less  than  2*C.  In  this  case,  the  tables 
provided  only  the  noon  water  temperature.  Beginning  in  January  1972, 
weekly  temperature  and  salinity  ranges  were  taken  from  continuous  recordings 
at  the  Duke  Marine  Laboratory  dock. 

3.  Organisms  in  the  Community 

Reduced  sedimentation  makes  the  lower  surface  of  plates  the  best 
accumulator  of  fouling  organisms  (8,9)  and  only  those  sessile  organisms  which 
settled  on  these  surfaces  were  included  in  this  study.  Several  additional 
criteria  were  imposed  to  separate  the  "dominant"  from  the  "subdominant" 
species.  A  "dominant"  species  was  one  which: 

1.  Was  capable  of  utilizing  primary  space  (4),  i.e.,  attaching  to  the 
plate  itself.  This  ruled  out  species  which  were  only  seen  growing 
epizootically,  i.e.,  on  secondary  space. 

2.  At  some  time  in  the  study  occupied  more  than  10%  of  the  primary 
and/or  secondary  space  in  a  series. 

These  criteria  reduced  the  number  of  dominant  species  to  10  and  these  species 
constitute  the  community  of  this  study.  The  species  were:  Balanus  spp  - 
barnacles;  Schizoporella  unicornis  -  an  encrusting  Bryozoan;  Bu'gula 
neritina  -  an  erect,  foliose  Bryozoan;  botryllus  schlosseri  -  a  colonial 
tunicate ;  Molgula  manhattensis  -  a  solitary  tunicate ;  Ascidia  interrupta  - 
a  solitary  tunicate;  Satyela  plicata  -  a  solitary  tunicate;  Bougainvillia  sp.  - 
an  athecate  hydroid;  Pennaria  tiare’lla  -  an  athecate  hydroid;  Tubularia 
croce a  -  an  athecate  hydroid . 

The  various  species  of  barnacles  common  to  the  Beaufort  area  (B. 
eburneus .  B.  amphitrite ,  B.  tintinnabulum,  and  B.  iraprovisus )  have  not 
been  distinguished  in  this  study  for  two  reasons.  First,  they  were  difficult 
to  identify  to  species  when  they  were  very  small,  which  was  always  the  case 
on  the  larval  plates  because  of  the  short  submergence  time.  Secondly,  our 
major  interest  was  in  the  mechanisms  which  determined  community  structure 
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and  it  seemed  logical  to  assume  a  similar  effect  for  all  species  of 
Balanus. 


Of  all  the  species,  the  abundance  of  Bugula  neritina  was  the  most  poorly 
estimated  by  our  method  of  sampling.  This  species  has  an  extensive  canopy 
but  a  very  small  zone  of  attachment.  However,  we  feel  that  although  it 
was  abundant,  its  effect  on  the  community  was  small  because  of  its  growth 
form.  Other  organisms  in  the  community  grew  beneath  the  canopy  with  no 
apparent  difficulty. 

4.  Results 

Temperature  and  Salinity 

In  the  Beaufort  area  during  1970-1972,  temperatures  ranged  from  a 
minimum  of  3-4*C  in  winter  to  28-30*C  in  summer  (fig.  1).  The  relatively 
mild  winter  of  1971-1972  was  evidenced  by  higher  water  temperatures  than 
in  the  winters  of  1970  and  1970-1971  (fig.  1).  However,  this  mild  winter 
was  followed  by  a  spring  and  early  summer  which  was  cooler  and  more  variable 
in  temperature  than  the  other  two  comparable  periods  on  record.  For 
example,  the  minimum  temperatures  in  late  Hay  1972,  were  between  16  and  17*C 
while  the  corresponding  temperaturee  for  the  same  period  in  1970  and  1971 
were  19-21*C  and  20-22*C  respectively  (fig.  1). 

The  low  temperatures  in  May  1972,  were  caused  by  a  storm  stalled  off 
the  Southeast  Coast.  The  month  was  unusually  cool  and  rainy,  a  circumstance 
reflected  in  low  salinity  readings  as  well  as  cooler  temperatures.  Thus, 
the  low  (20-23%)  salinities  in  late  Hay  and  early  June  (fig.  1)  were 
probably  unusual,  although  comparative  data  are  unavailable.  Minimum 
salinities  in  the  fall  of  1971  were  also  probably  lower  than  in  1970  as 
a  result  of  two  hurricanes  which  came  ashore  in  the  Beaufort  area.  For 
example,  on  2  September  1971,  one  week  after  tropical  storm  Doria  came 
ashore,  surface  salinity  had  dropped  to  18%.  At  the  end  of  September  1971, 
hurricane Ginger  also  passed  through  the  Beaufort  area  although  no  salinity 
records  were  taken.  No  hurricanes  passed  through  the  Beaulort  area  in  1970. 
The  low  salinities  in  February  1972,  (fig.  1)  were  probably  not  unusual 
as  this  is  a  normally  stormy  period. 

Larvae 

Balanus:  Barnacles  were  numerically  the  most  abundant  settlers  on  the 
larvae  plates.  They  settled  predominately  from  March  through  August  or 
September,  although  settling  was  reduced  during  the  cool,  early  summer 
of  1972  (fig,  2). 

Tubularia:  Tubularia  typically  settled  in  the  cooler  periods  of  the 
year,  in  spring,  fall,  and  early  winter  (fig.  2).  The  apparent  peak  in 
settling  during  April  1972  resulted  from  the  larval  plates  still  being  on 
the  1971  rack.  Larval  plates  were  placed  on  the  1972  rack  on  9  April  1972, 
and  were  in  a  different  position  under  the  dock.  In  contrast  to  the  1971 
rack  where  Tubularia  was  abundant  on  adjoining  plates,  there  was  no 
Tubularia  near  the  1972  rack.  The  actinulae  larvae  of  this  species  are 
‘relatively  poorly  dispersed  and  the  absence  of  a  nearby  source  of  larvae 
probably  reduced  settling  on  the  1972  rack.  Some  additional  data  were 
available  from  the  1971  rack  for  early  May  1972,  and  these  indicate  a 
higher  recruitment  than  was  recorded  on  the  1972  rack.  However,  recruitment 
of  Tubularia  during  the  cool  spring  of  1972  was  genuinely  lower  than  for  1971. 
During  the  spring  of  1971  there  were  no  adult  Tubularia  close  to  the  1971 
rack  and  the  recruitment  was  still  high  (fig.  7TI  Thus  the  high  recruitment 
on  this  rack  in  April  of  1972  was  a  local  phenomenon  in  a  spring  of  generally 
low  Tubularia  recruitment.  In  addition  to  fewer  recruits  in  1972,  the 
recruitment  period  ended  in  May  1972  while  in  1971  it  continued  through 
June  (fig.  2). 


910 


Solitary  tunicates:  Solitary  tunicate#  included  Styela  plicata, 

Ascidia  interrupts,  and  Molgula  manhattensis.  These  were  not  differentiated 
because  it  was  difficult  to  tell  the  young  stages  apart  from  each  other  and 
from  another  tunicate,  Perophora  viridis ,  a  species  which  was  not  included 
in  this  study  but  which  at  times  settled  heavily  and  confused  the  counts. 

In  addition,  none  of  the  species  were  common  pioneers  of  newly  submerged 
substrate.  For  example,  in  early  May  1972,  on  8  experimental  plates 
submerged  on  9  April,  the  mean  recruitment  rate  for  Styela  plicata  alone, 
was  48  individuals  in  a  7  day  period  (Sutherland,  unpublished) .  (Tomparable 
figures  for  all  solitary  tunicates  on  the  newly  submerged  larval  plates 
were  10  or  less  (fig.  2).  Thus,  we  believe  that  the  recruitment  of 
solitary  tunicates  was  underestimated  on  the  larval  recruitment  plates 
because  of  an  apparent  preference  of  the  larvae  for  older  plates.  The  data 
do  indicate  the  potential  availability  of  tunicate  larvae  from  May  through 
September,  although  they  settled  in  October  and  November  as  well  in  1970 
(see  below). 

Pennaria:  Pennaria  is  a  summer  hydroid  (10)  and  settled  only  once 
during  our  study,  during  June  and  July  of  1971  (fig.  2). 

Schizoporella:  Schizoporella  larvae  were  available  from  May  through 
November.  In  14)71,  its  recruitment  was  limited  to  the  period  from  late 
July  into  November,  while  in  1972,  recruitment  began  in  May  and  continued 
through  the  summer  (fig.  3).  Recruitment  in  1972  was  greater  than  in  1971 
by  an  order  of  magnitude  (fig.  3),  in  contrast  to  that  of  Balanus  and 
Tubularia  which  was  reduced  from  the  previous  year  (fig.  2Y. 

Bugula:  Bugula  was  a  common  recruit  to  newly  submerged  plates  from 
May  through  September  (fig.  3).  Again,  recruitment  in  1972  was  somewhat 
higher  than  in  1971,  although  the  reason  for  this  was  not  apparent. 

Botryllus:  Botryllus  settled  only  once  during  our  study,  in  the  spring 
and  summer  oT19 71  (iig.  3). 


Monthly  Series 

October  1970:  No  data  are  available  for  the  initial  stages  of  this 
series  because  of  procedural  difficulties.  Tubularia  was  abundant  initially 
but  had  disappeared  by  the  time  the  first  map  was  made  in  January  1972 
(fig.  4).  At  that  time  the  series  was  dominated  by  Styela  which  occupied 
almost  50%  of  the  area,  but  Ascidia  and  Schizoporella  were  also  common 
(fig.  4).  Both  of  the  latter  species  gradually  lost  in  the  competition 
for  space  with  Styela  and  were  essentially  absent  by  the  end  of  April  1972 
(fig.  4).  At  this  time  the  series  was  terminated  because  of  handling 
difficulties  on  the  1970  rack. 

May  1971:  This  series  was  dominated  initially  by  Bugula  and  Tubularia 
(fig.  5).  In  June  both  Ascidia  and  Styela  settled  beneath  the  former  two 
species  and  began  to  grow  and  displace  them.  Tubularia  is  a  winter  species 
at  Beaufort  (10)  and  may  also  have  disappeared  because  of  increasing 
temperatures.  Nudibranch  predation  on  Tubularia  was  also  heavy.  Styela 
dominated  Ascidia  in  the  competition  for  space  and  by  August  the  series 
was  dominated  by  Styela,  with  Botryllus  a  common  epizootic  species  (fig.  4). 
In  October  and  November  most  Styela  died  for  unknown  reasons,  particularly 
interesting  in  view  of  their  survival  over  the  same  months  on  the  October 
1970  series.  They  were  observed  to  be  necrotic  and  often  the  internal 
organs  were  absent.  This  left  much  free  space,  eventually  dominated  by  a 
regrowth  of  Tubularia  which  persisted  throughout  the  winter  and  spring 
(fig.  4).  The  series  was  once  again  dominated  by  Styela  during  the  summer 
of  1972;  by  May,  Styela  occupied  almost  SOI  of  the  area  (and  Tubularia 
declined  later  in  tne  summer).  Schizoporella  and  Molgula  also  invaded 
the  series  in  the  spring  of  1972  for  tne  first  time  (rig.  4),  and  Bugula 
had  become  abundant  by  May  but  was  underestimated  by  our  sampling  procedure. 
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June  1971:  Like  the  previous  series,  this  series  was  initially  invaded 
by  Tubularia  and  Bugula,  although  neither  became  as  abundant  (fig.  6).  In 
contrast  to  the  May  1971  series,  however,  Pennai  ia  became  abundant  in  June 
and  July,  and  Ascidia  settled  in  the  absence  of  Styela.  In  the  absence 
of  competition  with  Stye la,  Ascidia  dominated  about  75%  of  the  primary  space 
by  August  (fig.  6).  Ascidia  settled  less  abundantly  than  Styela  and  had  a 
more  determinate  growth  form.  Both  factors  contributed  to  its  inability 
to  dominate  100%  of  the  area  and  to  the  high  variation  in  percent  cover 
between  plates,  which  persisted  through  the  summer  (fig.  6).  They  also 
indicate  why  Ascidia  was  unable  to  compete  with  Styela  on  the  May  series 
(fig.  5). 


Throughout  the  summer  Pennaria  occupied  most  of  the  remaining  space  in 
this  series  and  was  abundant  on  Ascidia  as  well.  The  area  occupied  by  Styela 
represents  only  a  few  large  individuals .  Thus  the  two  series  were  dramat- 
ically  different  all  summer  as  a  result  of  being  started  a  month  apart.  The 
May  series  was  dominated  by  Styela  and  Botryllus  while  the  June  series  was 
dominated  by  Ascidia  and  Pennaria. 

There  was  a  distinct  species  turnover  in  the  fall  in  this  series  as 
well  as  in  the  May  series.  Pennaria  is  a  summer  hydroid  at  Bearfort  (10) 
and  disappeared  as  the  water  cooled  (fig.  1  E  6).  In  addition,  Ascidia 
suffered  a  mortality  similar  to  that  of  Styela  on  the  May  1971  series, 
although  it  occurred  several  weeks  earlier  (fig.  5  EG).  The  free  space 
which  remained  was  dominated  by  Tubularia  as  in  the  May  1971  series  and 
Schizoporella  invaded  during  November  (fig.  5  £  6).  By  June  1972,  the  May 
and  June  series  were  quite  similar  with  Styela  dominating  about  50%  of  the 
area  and  the  remaining  area  occupied  by  Tubularia,  Molgula,  Schizoporella. 
(and  Bugula)  (figs.  5  £  6). 

Hy-^ractinia  echinata  invaded  one  plate  in  this  series  during  August 
1971,  a.~T  uy  mid-November  occupied  about  one-third  of  that  plate.  Its 
abundance  remained  about  the  same  through  June  1972.  Although  it  met  the 
basic  criteria  for  inclusion  in  the  community,  it  was  not  included  in  this 
analysis  because  of  its  restricted  occurrence. 

July  1971:  In  contrast  to  the  May  and  June  series  in  1971,  the  July 
series  was  dominated  initially  by  Balanus  which  then  gradually  decreased  in 
abundance  over  the  winter  and  spring  of  1972  (fig.  7).  Pennaria  and 
Bougainvillia  were  variably  abundant  in  the  summer  and  fall,  but  largely 
disappeared  by  winter.  During  January  through  April  1972,  the  abundance 
of  Schizoporella,  Molgula,  Styela,  and  Bougainvillia  increased.  However, 
all  species  except  Schizop .rella  appeared  to  be  losing  in  the  competition 
for  space  with  Styela  by  ftune  1972  (although  Bugula  was  abundant  at  this 
time)  (fig.  7). 

August  1971:  After  an  initial  light  settlement  of  Balanus ,  this  series 
became  dominated  by  Schizoporella  (fig.  8).  On  the  basis  of  our  October 
1970  series,  we  had  expected  heavy  Tubularia,  and  Styela  recruitment  to  this 
series  in  the  fall,  as  there  was  still  considerable  empty  space  available 
by  October  1971.  We  attribute  the  dominance  of  Schizoporella  and  the 
absence  of  other  species  to  the  lowered  salinities  caused  by rain  from 
tropical  storm  Doria,  which  passed  through  Beaufort  in  the  last  week  of 
August.  Maturo  (9)  found  that  Schizoporella  settled  well  at  low  salinities 
and  this  appears  to  be  substantiated  here.  Although  some  Tubularia  invaded 
in  November  and  December  of  1971,  Schizoporella  remained  dominant  through 
June  1972.  Species  which  invaded  the  other  series  in  the  spring  of  1972, 
e.g.,  Styela,  Molgula,  (and  Bugula)  did  not  invade  this  series  at  the  same 
time,  suggesting  they  were  excluded  by  Schizoporella  (e.g.,  figs.  7  E  8). 

September  1971:  This  series  was  invaded  initially  by  Balanus  and 
Bougainvillia,  and  in  October  was  similar  in  appearance  to  the  July  series 
(fig.  7  £9).  As  for  the  August  series,  Tubularia  and  Styela  did  not  invade 
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in  the  fall  of  1971.  Bougainvillia  disappeared  in  the  winter  and  Balanus 
was  replaced  in  the  spring  by  Schizoporella,  Molgula,  Styela,  Tubularia, 

(and  Bugula)  (fig.  9).  The  sequence  of1  events  was  very  similar  to  the  July 
series  except  for  the  initial  presence  of  Pennaria  and  absence  of  Tubularia 
in  the  July  series  (fig.  7),  and  the  lower  density  of  Balanus  in  tHe 
September  series  (fig.  9).  Thus  different  submergence  times  produced 
similar  as  well  as  different  sequences  of  species  replacements. 

October  1971:  The  October  series  was  invaded  only  by  Schizoporella, 
with  a  small  amount  of  Tubularia  appearing  in  late  November  (fig.  10). 

This  was  strikingly  different  from  the  October  1970  series  which  was 
dominated  by  Styela  by  March  1971  (fig.  4).  Schizoporella  dominated  the 
October  1971  series  through  March  with  some  invasion  of  Tubularia  in  April, 
only  giving  way  to  Styela  (and  ugula)  from  May  to  July  1972 (fig.  10). 
Although  no  salinity  data  are  available,  we  again  attribute  the  initial 
(and  thus  continued)  dominance  of  Schizoporella  to  lowered  salinities  caused 
by  rain  from  hurricane  Ginger,  which  passed  through  Beaufort  on  September  30 
to  October  2,  1971. 

November  1971:  The  November  series  remained  essentially  empty  until 
the  arrival  of  Tubularia  and  Schizoporella  in  December  and  January  (fig.  11). 
Tubularia  occupied  over  half  of  the  area  during  the  spring  of  1972,  but 
disappeared  with  the  onset  of  summer  and/or  lost  in  competition  for  space 
with  Styela  (fig.  11).  Bugula  was  also  present  but  underestimated  here. 
Schizoporella  remained  low  in  density  throughout  the  study  period.  Thus, 
by  June  1972,  the  November  series  was  similar  to  the  May  and  June  series. 

All  three  series  had  much  available  space  in  November. 

1972  Series:  Except  for  the  presence  of  Balanus  in  the  April  series, 
during  1972  Schizoporella  settled  essentially  in  the  absence  of  other 
species  (fig.  l2).  The  striking  dominance  of  Schizoporella,  in  contrast 
with  the  spring  of  1971,  again  appeared  to  result  from  the  cool  spring  with 
its  abnormally  low  salinities  (fig.  1).  The  decline  in  Balanus  in  the  April 
1972  series  was  a  result  of  being  overgrown  by  Schizoporella  (fig.  12). 

Analysis  of  Variance 

One  way  ANOVA  (IS)  was  used  to  detect  differences  in  percent  cover  for 
the  same  species  on  different  series.  The  analysis  was  performed  only  for 
June  1972  for  all  1971  series,  as  this  was  the  only  period  when  differences 
between  series  were  subtile  enough  to  require  statistical  differentiation. 

Data  were  normalized  with  the  arcsinvTf  transformation,  where  X  =  %  cover 
of  a  species  on  each  plate  in  a  series  (15).  Species  included  in  the  analysis 
were  Tubularia,  Styela,  Schizoporella.  Bugula,  Molgula,  Ascidia,  Bougain¬ 
villia,  and  Balanus. 

An  F-max  test  for  homogeneity  of  variances  (15)  revealed  no  significant 
differences  (p<.05)  for  any  species.  This  result  is  qualified  somewhat  by 
the  omission  of  data  for  Molgula  on  the  October  series,  and  for  Balanus 
on  the  May  series.  In  both  Instances  the  percent  cover  of  the  respective 
species  was  zero,  as  was  the  sample  variance.  Using  these  two  samples  in 
the  ANOVA  would  have  violated  the  assumption  of  equal  sample  variances. 

On  the  1971  series  in  June  1972,  ANOVA  indicated  significant  (p  <  .05) 
differences  only  in  the  mean  area  occupied  by  Balanus ,  Schizoporella, 

Molgula,  Styela,  and  Tubularia.  In  most  cases  a  Student-Newmann-Keuls  test 
(15)  was  used  to  detect  significant  differences  between  specific  means. 
However,  to  detect  differences  between  other  series  and  the  October  series 
with  respect  to  Molgula,  the  other  series  were  tested  for  significant 
deviations  from  zero  with  a  t-test.  A  similar  procedure  was  followed  in 
detecting  differences  between  the  other  series  and  the  May  series  with 
respect  to  Balanus.  All  significant  differences  (p  £  .05)  are  listed  in 
Table  1  for  all  possible  comparisons  between  series.  For  instance,  in 
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June  1972,  the  series  beginning  in  September  and  June  of  1971  were 
different  only  with  respect  to  Schizoporella  (Table  1). 

The  major  result  of  the  analysis  was  a  strong  indication  of  convergence 
(i.e.,  similarity)  in  the  1971  series  by  June  1972.  This  is  of  particular 
interest  in  view  of  the  strikingly  different  sequence  of  events  on  most 
series,  as  discussed  above.  Species  composition  in  the  June  and  November 
series  was  not  significantly  different  by  June  1972  (except  for  Hydractinia) 
(Table  1).  During  the  summer  of  1971  the  June  series  was  dominated  by 
Ascidia  and  Pennaria,  which,  however,  both  disappeared  in  October  1971 
(fig.  6) .  This  left  much  free  space  on  this  series  by  November,  after 
which  the  sequence  of  events  in  both  series  was  similar  (figs.  6  6  11). 

A  trace  of  Molgula  on  the  November  series  in  June  1972  was  not  plotted.  A 
similar  convergence  was  seen  in  the  May  series,  which  in  June  1972  only 
differed  from  the  June  and  November  series  in  having  a  greater  amount  of 
Tubularia  (Table  1  and  fig.  5).  In  1971,  the  May  series  was  dominated  by 
Styela  until  November,  when  the  mass  mortality  made  much  free  space  available 
(fig.  5).  As  for  the  June  series,  after  this  mortality  the  sequence  of 
events  was  very  similar  to  the  November  series  (figs.  5  £  11). 

In  contrast  to  the  other  1971  series,  the  sequence  of  events  in  the 
July  and  September  series  was  similar  (figs.  769)  and  by  July  1972, 
there  were  no  significant  differences  in  species  composition  (Table  1). 
Interestingly,  these  similar  series  were  separated  by  a  series  (August) 
which  by  June  1972  was  strikingly  different  from  all  other  series  in  the 
abundance  of  Schizoporella  and  the  absence  of  Styela  (fig.  8  and  Table  1). 

A  further  argument  can  be  made  for  the  convergence  of  the  May,  June, 
July,  and  November  series.  By  June  1972,  both  Balanus  and  Molgula  wire 
minor  constituents  of  all  series.  If  these  two  genera  (and  Hydractinia) 
are  ignored,  by  June  1972,  there  were  no  significant  differences  in  species 
composition  between  these  four  series  except  for  Tubularia,  which,  however, 
was  present  on  all  of  them  (Table  1).  Although  July  and  September  were 
identical  (Table  1),  September  had  more  Schizoporella  than  May,  June,  and 
November  (fig.  9  and  Table  1)  and  could  not  be  included  in  the  group  of 
4  similar  series. 

A  final  indication  of  convergence  between  series  was  found  in  the 
similarity  of  abundance  of  Styela  by  June  1972  on  all  1971  series  except 
the  August  one  (Table  1).  If  Styela  suffers  heavy  mortality  in  the  fall 
of  1972  as  it  did  in  1971,  a  large  amount  of  free  space  would  be  made 
available  on  all  series  simultaneously.  Thus,  the  series  might  further 
converge  by  1973  as  the  May,  June,  and  November  1971  series  converged  by 
June  1972. 


S.  Discussion 

Submergence  time  had  a  dramatic  effect  on  initial  community  development 
as  a  result  of  seasonal  reproductive  periodicities.  During  1971,  initial 
changes  in  species  abundance  on  each  series  were  different  (except  perhaps 
for  July  and  September).  The  physical  environment  as  well  as  time  of  year 
also  appeared  to  have  a  direct  effect  on  recruitment  and  initial  development. 
Thus  in  October  197o,  in  the  absence  of  periods  of  low  salinity,  the  plates 
were  colonized  by  Tubularia  succeeded  by  Styela.  On  the  October  1971 
series,  Schizoporella  was  the  dominant  organism.  It  seemed  to  be  the  only 
species  capable  of  reproducing  and  growing  in  the  low  salinities  caused 
by  hurricane  Ginger.  Similarly,  Schizoporella  became  dominant  on  the 
August  1971  series  apparently  as  a  result  of  tropical  storm  Doria.  The 
physical  environment  also  altered  the  initial  development  on  the  1972  series 
as  compared  with  the  spring  and  summer  of  1971.  In  1971,  the  initial 
progression  on  each  series  was  different,  while  in  1972  it  was  very  similar, 
dominated  by  Schizoporella.  We  again  attribute  the  success  of  Schizoporella 
to  the  unusually  cool  and  rainy  months  of  May  and  June.  The  physical 


914 


i  I,  -a—— r-tr  "  '  “ 


mvwi'm 


■*”  *  iHW,1  •H1 11 


j 


environment  apparently  suppressed  the  normal  reproductive  cycles  of  many 
species  in  1972,  e.g.,  Tubularia,  and  greatly  altered  the  initial  progression 
of  species.  Similar  variation  in  year  to  year  recruitment  has  been  observed 
on  the  West  Coast  of  North  America  by  Coe  and  Allen  (3). 

The  May  and  June  series  in  1971  underwent  catastrophic  changes  in 
species  composition  in  the  fall  of  that  year.  However,  seasonal  changes 
in  species  abundance  on  older,  undisturbed  plates  were  generally  less 
dramatic  than  changes  in  colonizing  species  composition.  Not  all  larvae 
could  invade  the  older  plates.  Thus  Pennaria  invaded  the  June  but  not  the 
May  1971  series.  Schizoporella  invaded  the  August  1971  series,  but  did 
not  invade  the  May,  June,  and  July  series  at  the  same  time.  Again  in 
October  1971,  Schizoporella  took  over  the  newly  submerged  series,  but  did 
not  invade  th^  September  (or  earlier)  series.  In  1972,  Schizoporella 
dominated  all  new  series,  but  in  spite  of  a  very  high  recruitment,  it 
was  relatively  unsuccessful  at  invading  the  1971  series.  Conversely, 
however,  Schizoporella  on  the  August  series  prevented  the  invasion  of 
Styela,  Molgula,  and  Bugula  during  the  spring  of  1972.  Finally,  Balanus 
larvae  were  generally  available  except  in  winter,  but  became  abundant  only 
on  the  July  and  September  series  in  1971  and  the  April  series  in  1972. 

In  addition  to  filtering  out  certain  species  of  potential  recruits, 
undisturbed  communities  appeared  to  remain  more  stable  by  harboring  the 
vegetative  remains  of  species  which  appeared  to  be  absent.  For  example, 
Tubularia  disappeared  from  the  May  and  June  series  during  the  summer  of 
T57TT  Tt  appeared  again  on  these  series  in  October,  almost  two  months 
before  it  began  to  settle  and  grow  on  the  newly  submerged  fall  series. 
Tubularia  was  a  common  colonizer  of  newly  submerged  substrate  and  its  absence 
from  the  October  1971  series  probably  resulted  from  an  absence  of  larvae 
(because  of  the  fall  storms  which  lowered  the  salinity).  The  growth  of 
Tubularia  on  the  May  and  June  series  in  October  could  only  have  come  from 
the  vegetative  remains  of  the  previous  spring's  growth. 

The  August  1971  series  remained  relatively  constant  throughout  the 
year,  dominated  by  Schizoporella;  there  were  few  seasonal  changes  in  this 
series.  For  various  reasons,  therefore,  it  appears  that  the  organisms  at 
Beaufort  on  undisturbed  substrate  are  not  as  regularly  replaced  during  the 
year  as  Scheer  (13)  and  McDougall  (10)  thought. 

Shelf ord  (14)  gives  some  criteria  for  recognizing  succession  as  follows: 
"1)  Do  forms  drop  out  as  the  development  of  the  community  progresses? 

2)  Are  any  of  the  earlier  animals  essential  to  the  seating  of  the  later 
ones?  3)  Is  the  second  year's  aspection  like  the  first?  If  not  succession 
may  be  indicated."  All  three  criteria  were  met  to  some  degree  in  this 
study.  Balanus  appeared  to  be  a  form  which  persisted  on  primary  substrate 
only  during  the  initial  stages  of  community  development.  The  recruitment 
of  solitary  tunicates  appeared  to  require  some  conditioning  of  the  plates, 
being  much  heavier  on  older  plates  than  on  newly  submerged  ones.  Finally, 
and  most  importantly,  in  the  second  summer  most  1971  series  were  less 
different  in  species  composition  than  during  the  first  summer,  suggesting 
an  approach  to  a  climax  state. 

Scheer  (13)  originally  defined  seasonal  progression  as  resulting 
"...from  differences  in  breeding  seasons  of  various  organisms",  but  also 
included  the  idea  of  seasonal  changes  in  species  abundance  on  undisturbed, 
"mature"  substrate  ("...most  of  the  organisms  which  settled  in  the  winter 
months  were  dead  or  moribund  by  spring,  and  were  replaced  by  organisms 
breeding  in  the  latter  season.").  Previous  authors  (6,12)  have  used  the 
term,  seasonal  progression,  synonomously  with  seasonal  changes  in  colonizing 
species  abundance,  implying  that  such  changes  are  sufficient  evidence  for 
progression.  In  fact  the  original  definition  confuses  two  processes  which 
need  not  be  related;  the  seasonality  of  reproduction  may  have  little  to  do 
with  species  replacements  on  undisturbed  substrate.  Indeed,  during  this 
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study  colonizing  species  composition  on  new  substrate  changed  much  more 
rapidly  over  the  year  than  species  abundance  on  undisturbed  substrate, 
suggesting  that  different  processes  were  involved.  We  feel  the  term, 
seasonal  progression,  should  be  applied  only  to  seasonal  changes  in  species 
abundance  in  undisturbed,  climax  communities.  With  this  perspective,  initial 
differences  in  community  development  are  "noise"  in  the  process  of  succession 
and  not  evidence  for  seasonal  progression.  How  much  "noise"  is  involved 
depends  on  the  seasonality  of  reproduction,  but  this  may  have  little  to 
do  with  the  eventual  presence  or  absence  of  progression,  i.e.,  the  existence 
of  an  oscillatory  or  stable  climax.  It  seems  probable,  however,  that  those 
systems  with  the  "noisiest"  development  will  also  attain  climax  states  of 
greater  seasonal  variability.  These  are  the  systems  in  which  seasonal 
progression  is  the  most  probable. 

The  problem  of  defining  a  climax  is  essentially  the  same  as  that  of 
defining  stability,  and  is  a  problem  that  ecologists  still  haven't 
adequately  resolved  (1).  In  the  present  case  it  appears  that  the  1971 
plates  were  still  changing  as  well  as  converging  by  June  or  July  1972.  Thus, 
two  or  more  years  are  required  for  the  Beaufort  system  to  mature  and  only 
then  can  the  reality  of  seasonal  progression  be  determined. 
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Discussion 

Dr.  Sutherland  was  asked  what  evidence  he  had  that  some  species  were 
necessary  for  the  settlement  of  others  that  followed.  He  answered  that 
Styela  demonstrated  this  by  its  preference  for  older  plates,  and  its 
avoidance  of  newly  exposed  plates. 

In  answer  to  another  question,  Dr.  Sutherland  indicated  that  Schi2oporella 
was  able  to  maintain  a  fouling-free  surface  while  the  colony  was  alive. 
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1  Weekly  ranges  of  temperature  and  salinity  at  the  study  site. 
Based  on  3-6  days  of  data.  *  -  Range  based  on  8  days. 
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NUMBER  OF  SETTLED  INDIVIDUALS 
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Fig,  2  Estimated  mean  number  (-  the  standard  deviation)  of  Individuals 
settling  during  esch  arbitrary  7  day  period.  Q  -  Balanus; 

•  -  Tubularia;  Q  -  Solitary  tunicates;  ^  -  Pennaria.  ^  -  Data 
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Fig.  5  Estimated  mean  percent  cover  (t  the  standard  deviation)  for  each 


species  at  arbitrary  intervals.  The  series  was  initiated  on  6  Msy  1971. 
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Fig.  6  Estimated  mean  percent  cover  (t  the  standard  deviation)  for  each 
species  at  arbitrary  Intervals.  The  series  was  Initiated  on  31  May  1971. 
(This  is  the  June  1971  series). 
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Fig.  10  Estimated  mean  percent  cover  (i  the 
standard  deviation)  for  each  species  at 
arbitrary  Intervals.  The  series  was  Initiated 
on  October  1971. 


Fig,  II  Estimated  mean  percent  cover 
(4.  the  standard  deviation)  for  each 
species  at  arbitrary  Intervals.  The 
series  was  Initiated  on  12  November 
1971. 
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liifc-  12  Estimated  mean  percent  cover  (t  the  standard  deviation)  for  each 
species  at  arbitrary  Intervals.  A.  Series  Initiated  on  9  April  1972. 

B.  Series  Initiated  on  11  May  1972.  C.  Series  initiated  on  9  June  1972. 
D.  Series  Initiated  on  10  July  1972. 


Study  of  Some  Variables  Affecting  Antifouling  Paints'  Performance 


Dr.  V.  Rascio  and  Cham.  Eng.  J.  J.  Caprari* 

♦Laboratory  for  Testing  Materials  and  Technological  Research 
(La  Plata,  Argentina)  and  National  Research  Council 
of  the  Argentine  Republic 


1.  Introduction 

This  paper  is  the  fourth  and^Jast  part  of  a  study  about  antifouling 
paints'  behaviour  in  raft  trials,  started  in  1966  in  Mar  del  Plata's  port 
(Argentina).  The  work  was  planned  between  our  Laboratory,  the  National 
Research  Council  and  the  Marine  Biology  Institute  with  the  collaboration 
of  the  Navy.  It  was  the  first  study  on  the  subject  in  our  country.  Up  to 
that  date  we  had  only  scattered  references  to  the  fouling  conditions  of 
Argentine's  ports  and  about  their  influence  on  the  performance  of  anti¬ 
corrosion  and  antifouling  coatings  usually  employed  in  the  protection  of 
ship's  bottoms. 

A  previous  study  was  made  between  the  Navy  and  the  IRAM  (Argentine 
Institute  for  Standardisation  of  Materials)  testing  commercial  paints  in 
three  rafts,  placed  at  Belgrano's,  Mar  del  Plata's  and  Ushuaia's  harbours. 

A  specification  was  prepared,  but  no  work  was  published  on  physical  and 
chemical  properties  of  ships'  paints  and  the  biological  and  hydrological 
characteristics  of  those  ports. 

During  our  investigations,  Bastida  (1,2, 3, 4, 5)* determined  the  most 
important  fouling  species  which  settle  on  non  toxic  plates  placed  in  the 
experimental  raft  in  Mar  del  Plata's  port  and  also  the  relations  between 
fouling  and  local  environment. 

A  comparison  was  made  with  fouling  studies  previously  performed  in 
other  countries  by  Fancutt,  Hudson,  Harris  and  Banfield  (6,7,8)  for  the 
Marine  Corrosion  Subcommittee  of  the  British  Iron  and  Steel  Research 
Association,  by  Ketchum  and  Ayers  (9,10)  for  the  Woods  Hole  Oceanographic 
Institution  and  by  van  Londen  and  De  Wolf  (11,12,13,14)  for  the  Verf instituut 
T.N.O. 


Temperature,  salinity  and  oxygen  content  were  found  to  be  normal  for  a 
temperate  port  (Fig.  1).  Pollution  by  industrial  wastes  is  appreciable  at 
Mar  del  Plata's  harbour  and  for  this  reason  pH  was  periodically  recorded; 
values  between  8,3  and  6,7  were  found  [Fig.  2],  The  influence  of  pH  on  the 
properties  of  antifouling  films  is  very  important,  because  rosin  and  cuprous 
oxide  solubilities  are  affected  by  this  variable. 

Our  experimental  scheme  was  divided  into  four  stages: 

a)  Influence  of  the  toxic  employed  and  of  paint  binder  solubility 
(studied  between  l-IX-66  and  l-IX-67  (5). 

b)  Influence  of  the  toxic  concentration  (1-X-67/1-X-68H16). 


he  numbers  in  parentheses  refer  to  the  list  of  references  at  the  end  of 
:his  paper. 
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c)  A  new  study  of  the  same  variables,  but  using  new  mineral  toxics, 
in  18  month's  raft  trials  (1-X-68/1-V-70H17). 

d)  Influence  of  different  inert  pigments  on  the  toxicity  of  the  film, 
that  is  the  present  paper. 

The  tested  plates  were  periodically  observed  for  determining  the  fouling 
settlement.  From  117  paints  studied,  60  showed  good  leaching  rate  and 
toxicity  throughout  the  first  year's  immersion.  Leaching  rate  of  the  paints 
decreased  very  quickly  during  the  second  year's  exposure  [Fig.  3]  and  only 
15  formulations  gave  jood  fouling  protection  at  the  end  of  the  test  (20-24 
months) . 


2.  Fouling  Organisms  Recorded  at  Mar  del  Plata's  Harbour 

Fouling  settlement  on  non  toxic  panels  was  determined  at  four  different 
depths  during  our  studies: 

Level  A:  From  surface  to  0,30  m 
Level  B:  0,50  to  0,90  m 
Level  C:  1,10  to  1,50  m 
Level  D:  1,70  to  2,10  m 

Antifouling  paints  were  only  tested  at  levels  B,  C  and  D. 

Four  different  classes  of  settlement  are  distinguished  at  the  different 
depths  [Fig.  4,5,6  and  7]: 

a)  Fouling  organisms  with  similar  attachment  at  the  three  levels 
(B,  C,  D): 

Diatoms 

Tubularia  croce a 

Gonothyraea  inornata  ♦  Obelia  angulosa 

Mercierella  enigmatica  ♦'  'Serpula  vermicularis  ♦  Hydroides  norvegica 
Polydora  cf.  ciliata 
KubrancTTus  sp. 

Tisbe  furcata  ♦  Harpacticus  sp. 

Corophium  sp. 

Balanus "amphitrite  ♦  Balanus  trigonus 

Cyrtograpsus  angulatus 

Bowerbankia  gracilis 

Bugula  sp. 

tfiona~intestinalis 

b)  Fouling  organisms  with  decreasing  settlement  from  B  to  D: 

Polys iphonia  sp. 

EnteromorpTia  intestinalis  (with  great  intensity  at  level  B) 

c)  Organisms  which  settle  only  at  levels  B  and  C: 

Bryopsis  plumosa 

d)  Organisms  which  settle  only  at  level  B: 

(Jlva  lactuca 

The  most  important  differences  were  represented  by  the  Algae  attachment. 
The  Chlorophyte  Enteromorpha  intestinalis  is  very  common  on  fouled  paints 
and  at  level  B  but  is  very  scarce  at  levels  C  and  D.  Light  is  necessary  for 
the  chlorophylic  synthesis.  For  this  reason  Enteromorpha  is  usually  restricted 
to  the  vicinity  of  the  water  line.  A  study  was  published  recently  by  one  of 


931 


the  authors  about  this  subject  (18). 


Ulva  lactuca  is  another  Chlorophyte,  with  slight  fixation  at  level  B. 

As  it  is  a  species  very  sensible  to  toxic  paints  (more  so  than  Enteromorpha 
intestinalis )  it  is  not  usually  found  on  painted  test  plates. 

Finally  Bryopsis  plumose  is  the  third  Chlorophyte  registered  on  non¬ 
toxic  plates.  It  is  not  present  on  the  painted  plates. 

3.  Type  of  Antifouling  Paints  Tested 

Antifouling  oleoresinous  and  vinyl  paints  were  formulated  in  such  a 
way  as  to  determine  the  influence  of  the  following  variables:  nature  of  the 
matrix,  solubility  of  the  matrix,  nature  of  the  toxic,  toxic/inert  pigment 
ratio  and  nature  of  the  inert  pigment. 

1.  Nature  of  the  matrix 

Two  different  types  of  binders  were  used:  oleoresinous  and  vinyl. 
Forty-eight  paints  of  the  first  type  were  formulated  with  a  rosin/phenolic 
varnish  binder  (Table  I);  another  4 8  paints  were  prepared  with  a  rosin/ 
linseed  standoil  60  poises  binder  (Table  II)  and  15  paints  with  rosin/ 
mercuric  oleate  binder  (mercuric  oleate  was  used  as  reinforcement  toxic  and 
as  plasticizer) (Table  III).  For  vinyl  paints,  6  samples  were  formulated 
using  rosin  and  VYHH  vinyl  resin  (Table  IV). 

2 .  Solubility  of  the  matrix 

For  oleoresinous  paints,  three  different  rosin/plasticizer  ratios  were 
tested  (3/1,  5/1,  7/1).  In  those  paints  containing  mercuric  oleate,  the 
first  ratio  was  fixed  at  2,5/1,  owing  to  the  content  of  oleate  of  the  toxic. 
For  vinyl  formulations,  the  rosin/vinyl  resin/tricresyl  phosphate  ratio 
previously  studied  (1/1/0,25)  was  maintained,  owing  to  the  good  performance 
of  those  paints. 

3.  Nature  of  the  toxic 

Cuprous  oxide  was  used  as  the  main  toxic.  In  oleoresinous  paints, 
complementary  toxics  such  as  mercuric  oleate,  mercurous  arsenate,  cupric 
acetoarsenite  and  cuprous  arsenite  were  added.  In  vinyl  samples  mercuric 
oleate  was  replaced  by  mercuric  oxyde  and  arsenous  trioxyde. 

Copper,  mercury  and  arsenic  content  of  the  different  toxins  is  tabulated 


below: 

Cu  (*)  Hg  (*)  As  (%) 

Cuprous  oxide  (CujO)  88,8  -  - 

Mercuric  oxide  (HgO)  -  92,5  - 

Mercuric  oleate  -  41,6  - 

Arsenous  trioxide  (AsjOj)  -  -  75,0 

Mercurous  orthoarsenate  -  72,0  12,5 

Cupric  acetoarsenite  22,7  -  40,5 

Cuprous  arsenite  60,0  -  23,0 


Mercuric  oleate,  cupric  acetoarsenite  (Schweinfurt  green)  and  cuprous 
arsenite  were  prepared  in  the  laboratory.  The  other  toxins  were  of 
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industrial  origin. 

In  oleoresinous  paints,  10%  of  zinc  oxide  (calculated  on  the  basis  of 
copper  oxide  content)  was  also  added. 

4.  Toxin/ inert  pigment  ratio 


The  antifouling  properties  of  oleoresinous  paints  formulated  with  cuprous 
oxide  as  only  toxin  were  compared  with  those  of  paints  prepared  with  a 
toxin/inert  pigment  ratio  3/1. 

In  vinyl  paint  formulations  inert  pigments  were  not  employed. 


>igments 


This  is  the  main  variable  studied  in  this  paper.  Our  purpose  was  to 
establish  the  influence  of  different  extenders  on  the  toxicity  of  the  film. 


In  previous  tests  the  only  extender  used  was  ferric  oxide.  Being  a 
very  opaque  pigment  and  giving  very  resistant  films,  this  pigment  in  general 
improves  the  quality  of  the  paint  film. 


In  this  new  stage  of  our  work  we  wanted  to  compare  paints  containing 
ferric  oxide  with  others  formulated  with  calcium  carbonate  (chalk)  and 
magnesium  silicate  (talc)  and  more  specially  to  study  the  influence  of  the 
extenders  on  the  hardness  of  the  film.  Barium  sulphate  was  not  considered 
because  of  its  high  specific  gravity. 


4.  Preparation  and  Application 


Paint  samples  were  prepared  on  a  laboratory  ball  mill.  The  pigments 
were  dispersed  during  24  hours,  except  the  cuprous  oxide  that  was  added  at 
the  end  of  the  milling  process  (3  hours). 


Two  coats  (about  lOOp  thickness)  were  painted  on  sandblasted  steel 
plates  (30  x  40  cm)  protected  previously  with  a  vinyl  wash-primer  and  a  good 
performance  marine  anticorrosion  paint.  Panels  were  immersed  in  sea  water 
(raft  at  Har  del  Plata's  port)  24  hours  after  the  application  of  the  second 
antifouling  paint's  coat. 

Observations  of  the  painted  plates  were  made  in  periods  of  75  days. 

The  fouling  attachment  on  non-toxic  plates  (sandblasted  plastics)  was 
monthly  registered. 


S.  Some  Observations  Related  to  the 
Variables  Previously  Studied 

Before  analyzing  the  results  obtained  in  the  present  experience  it  is 
convenient  to  review  the  conclusions  obtained  in  previous  studies.  In  some 
cases  they  coincide  with  those  presented  by  other  authors  but  in  some  cases 
not. 


1.  Oleoresinous  AF  paints  (rosin  WW/phenolic  varnish  binder) 


important  influence  on  the  antifouling  properties  of  the  film.  It  has  been 
demonstrated  that  as  the  concentration  of  ferric  oxide  increases,  the  service 
life  of  the  paint  decreases  (16). 

c)  The  only  complementary  toxins  which  increased  the  toxicity  of 
the  film  were  mercurous  orthoarsenate,  cuprous  arsenite  and  mercuric  oleate 
(17).  With  this  last  component  it  is  necessary  to  modify  the  rosin/ 
plasticizer  ratio,  because  of  the  presence  of  the  oleic  acid.  Particularly 
the  use  of  mercuric  oxide  gave  negative  results  as  antifouling.  It  is 
possible  that  this  effect  is  due  to  the  partial  reaction  between  cuprous 
oxide  and  mercuric  oxide,  giving  two  slightly  soluble  compounds  (cupric 
oxide  and  metallic  mercury).  The  low  efficiency  of  mercuric  oxide  has  been 
mentioned  in  our  previous  papers. 

d)  Zinc  oxide  increases  the  toxicity  of  the  paints.  For  this 
reason  we  added  10  percent  with  respect  to  CU2O.  It  has  not  been  tested  in 
higher  concentration  because  of  its  reactivity  with  acid  binders. 

e)  Another  variable  affecting  pigment  dispersion  is  the  efficiency 
of  the  milling  operation  (the  rate  of  rotation  of  the  ball  mill,  the  size, 
the  quantity  and  nature  of  the  balls  and  the  amount  of  consistency  of  the 
materials  to  be  milled).  All  the  samples  tested  were  prepared  exactly  in 
the  same  conditions.  The  influence  of  this  variable  is  perhaps  the  cause 
that  sometimes  laboratory  paints  show  differences  in  leaching  rate  from 
those  of  the  same  formulations  prepared  on  an  industrial  scale  (21,22,23). 
This  aspect  of  the  problem  should  be  thoroughly  studied  in  the  future. 

f)  The  influence  of  the  milling  time  on  the  activity  of  the 
cuprous  oxide  should  be  emphasized.  A  three  hours  dispersion  proved  to  give 
very  efficient  paints.  Rosin  and  cuprous  oxide  react  partially  during  the 
milling  process,  producing  copper  soaps  and  modifying  the  rosin/plasticizer 
ratio.  This  reaction  reduces  the  solubility  of  the  binder.  Paints  of  the 
same  composition  prepared  by  dispersing  the  cuprous  oxide  for  longer 
periods  were  less  effective. 

g)  All  the  effective  oleoresinous  paints  reach  after  some  days  of 
immersion  a  steady  state  leaching  rate,  above  the  necessary  critical  value. 
They  show  good  antifouling  properties  during  exposure  periods  between  6  and 
18  months,  and  finally  the  paint  film  fouls.  The  effectiveness  of  the 
paints  is  always  measured  by  the  time  tftat  the  film  remains  without  settle¬ 
ment. 


h)  Slight  differences  were  observed  in  the  behaviour  of  some 
effective  formulations  exposed  in  different  periods.  This  seems  to  be 
related  to  the  sea  water  pollution  of  the  experimental  area.  A  reduction 
of  the  pH  values  modifies  the  solubility  of  some  components  of  the  paints 
(rosin  and  copper  oxide)  reducing  the  release  of  toxin  from  the  film. 

i)  Film  thickness  has  an  important  influence  upon  the  paint 
coating  performance.'  It  is  possible  to  obtain  an  80-100p  film  of  AF  paint 
with  two  coatings,  with  brush  or  roller  application.  The  authors  consider 
that  this  thickness  is  the  minimum  necessary  to  eliminate  the  influence  of 
film  irregularities  due  to  imperfect  application. 

j)  The  teet  plates  actually  employed  in  raft  trials  are  not  the 
most  suitable  surfaces  for  testing  antifouling  paint  systems.  A  great 
number  of  samples  are  annually  eliminated  due  to  the  fouling  settlement  at 
the  edges,  while  the  center  of  the  plates  is  not  fouled.  The  difficulty 
is  to  obtain  an  adequate  thickness  at  the  edges,  coupled  with  increased 
wastage  of  CujO  in  that  zone,  due  to  the  turbulence  of  the  sea  water.  When 
fouling  attachment  begins  the  film  is  quickly  destroyed  and  the  corrosion 
processes  are  accelerated. 
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2.  Vinyl  AF  paints  (Rosin  WW/vinyl  resin  VYHH) 

a)  Raft  trials  confirm  that  vinyl  paints  are  more  efficient  than 
oleoresinous  antifouling  paints,  specially  in  long  term  exposures  (24). 

b)  Test  plates  of  all  antifouling  paint  samples  showed  no  settle¬ 
ment  after  one  year's  immersion.  The  importance  of  the  use  of  complementary 
toxics  was  established  in  ’’8,  24  and  36  month's  trials. 

c)  The  use  of  non-toxic  pigments  in  vinyl  paints  reduced  the 
leaching  rate  and  the  efficiency  of  the  film. 

6.  Discussion 

1.  Influence  of  inert  pigments 

The  existing  references  dealing  with  the  influence  of  the  inert  pigments 
on  the  leaching  rate  of  antifouling  paint  films  (9,22,23)  do  not  provide  an 
exact  idea  about  the  relation  between  the  paint  composition  and  its 
efficiency.  Babel  (9)  when  discussing  the  effect  of  extenders,  names  a 
large  variety  of  these  substances  that  give  satisfactory  results  and  some 
others  that  are  not  so  efficient.  Ketchum  and  Ayers  (23)  indicate  that  the 
fouling  resistance  of  soluble  matrix  antifouling  paints  appears  to  be 
independent  of  the  presence  of  non-toxic  pigments. 

As  previously  mentioned,  the  effect  of  three  inert  pigments  were 
tested:  ferric  oxide,  calcium  carbonate  (chalk)  and  magnesium  silicate 
(talc). 

The  analysis  of  the  results  obtained  (settlement  of  fouling  during 
the  immersion  period)  have  established  that  paints  with  calcium  carbonate 
showed  the  best  performance: 

Samples  without  settlement 

Total 

Extender  Samples  375  days  600  days 


Chalk 

27 

18  (67%) 

2  (7%) 

Ferric  oxide 

27 

11  (41%) 

— 

Talc 

27 

5  (18%) 

— 

It  is  possible  to  compare  these  results  with  the  service  life  of  anti¬ 
fouling  coatings  prepared  with  the  same  oleoresinous  binders  and  without 
extenders  (cuprous  oxide  and  cuprous  oxide  ♦  complementary  toxins).  In 
this  case  we  have  19  samples  (63%)  that  satisfy  the  test  requirements  for  a 
375  days'  immersion  period.  At  the  end  of  a  600  days'  raft  exposure  7 
samples  (23%)  showed  a  degree  of  settlement  less  than  one  (see  fouling 
settlement  versus  efficiency  percent  in  Table  VIII). 

These  results  indicate  that  for  any  binder  solubility  used,  calcium 
carbonate  (chalk)  is  the  most  effective  extender  for  maintaining  an  adequate 
leaching  rate.  Paints  with  a  rosin  WW/phenolic  varnish  binder  (3/1)  contain¬ 
ing  this  extender  and  prepared  with  toxin  alone  behaved  in  a  similar  way 
at  375  and  600  days'  immersion  test  [Fig.  8J.  Differences  observed  for 
ratios  S/1  [Fig.  9]  and  7/1  [Fig.  10]  are  of  no  significance. 

Hardness,  permeability  and  an  adequate  chalking  of  the  film  seem  to 
play  a  part  in  the  antifouling  effectiveness  of  those  paints. 

The  different  compositions  of  oleoresinous  paints  are  presented  in 
Tables  I,  II  and  III.  Table  IV  gives  the  vinyl  formulations.  The  perfor¬ 
mance  of  these  paints  (degree  of  fouling  settlement)  in  raft  trials  is 
shown  in  Tables  V,  VI,  VII  and  VIII. 
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When  linseed  standoil  60  P  was  used  as  plasticizer  the  influence  of  the 
use  of  calcium  carbonate  is  very  marked  [Fig.  11,12  and  13).  Samples  with 
this  extender  were  always  more  efficient  than  those  paints  prepared  without 
non-toxic  pigments. 

The  graphs  presented  are  based  on  the  mean  values  of  settlement  found 
for  each  binder,  solubility  and  pigment  composition. 

2.  Influence  of  other  variables 


a)  Nature  of  the  toxicant 

In  order  to  analyse  this  variable,  we  considered  as  a  whole  the 
samples  of  all  the  three  oleoresinous  binders  st'died,  excluded  vinyl 
formulations.  For  samples  without  extenders  we  nave: 


Toxins,  with¬ 

Total 

Samples  without 

settlement 

out  extenders 

Samples 

375  days 

600  days 

Cu20-Zn0-RHg 

6 

6  (100%) 

3  (50%) 

Cu20-Zn0-As03Cu3 

6 

5  (  83%) 

2  (33%) 

Cu20-Zn0 

6 

4  (  66%) 

— 

Cu20-Zn0-AsO4Hg3 

6 

3  (  50%) 

2  (33%) 

Cu20-Zn0-V. Schw. 

6 

1  (  17%) 

- — 

The  samples  containing  mercuric  oleate  as  complementary  toxin  showed 
the  highest  fouling  resistance.  The  behaviour  of  these  samples  was 
particularly  notable  in  exposure  periods  up  to  20  months. 

Considering  all  the  samples  with  and  without  extenders  the  results  are 
in  general  agreement  with  those  previously  obtained: 


Toxins  with 
Extenders 


Samples  without  settlement 

Total 

Samples  375  days  6 JO  days 


Cu20-Zn0-RHg 

Cu20-Zn0 

Cu20-Zn0-AsO3Cu3 

Cu20-Zn0-AsO4Hg3 

Cu20-Zn0-V.Schw. 


15 

11  (73%) 

3  (20%) 

24 

15  (62%) 

2  (  8%) 

24 

11  (46%) 

2  (  8%) 

24 

10  (42%) 

2  (  8%) 

24 

6  (25%) 

— 

These  results  confirm  that  it  is  possible  to  formulate  good  paints  with 
an  adequate  performance  using  cuprous  oxide  only.  Fifteen  paints  of  this 
composition  remain  unfouled  for  12  months ,  and  2  samples  reached  20  months 
of  Immersion  (paints  417  and  318,  Tables  I  and  V).  At  the  end  of  the 
exposure  period  fouling  attachment  was  beginning  at  the  edges  of  the  plates. 
The  results  confirm  that  the  use  of  complementary  toxins  and  specially 
mercuric  oleate,  cuprous  arsenite  and  mercuric  orthoarsenate  is  desirable 
for  performances  up  to  one  year. 

b)  Binder  composition 

The  efficiency  of  the  three  binders  used  may  be  tabulated  in  the 
following  way: 
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Samples  without  settlement 

Total 


Binder 

Samples 

375  days 

600 

days 

Rosin/oleic  acid* 

IS 

11  (73%) 

3 

(20%) 

Rosin/ph.  varnish 

48 

26  (54%) 

6 

(12%) 

Rosin/standoil 

48 

16  (33%) 

- 

— 

It  is  vary  important  to  remark  that  samples  prepared  with  mercuric 
oleate  are  not  strictly  comparable  with  the  samples  obtained  with  the  other 
two  binders  but  they  are  included  so  as  to  give  an  idea  of  the  behaviour 
of  this  matrix. 

The  fourth  binder  is  that  of  the  vinyl  paints,  used  as  reference.  One 
hundred  percent  of  these  paints  remain  unfouled  after  12  months  innersion 
and  671  after  20  months. 

c)  Binder  solubility 

From  the  examination  of  the  results  obtained  with  the  different 
rosin/plasticizer  ratios,  we  yet: 


Rosin/plas¬ 

Total 

Samples  without 

settlement 

ticizer  ratio 

Samples 

375  days 

600  days 

3/1 

37 

20  (54%) 

2  (5%) 

5/1 

37 

22  (59%) 

4  (11%) 

7/1 

37 

11  (30%) 

3  (8%) 

The  set  of  samples  that  show  the  highest  efficiency  as  antifouling  at 
375  and  600  days  exposure  is  -hat  corresponding  to  a  5/1  rosin/plasticizer 
ratio.  This  value  is  only  of  statistical  interest,  because  it  seems  that 
each  toxin  requires  an  individual  adjustment  of  this  variable,  so  as  to 
obtain  the  best  coating  performance. 

It  is  important  to  mention  that  none  of  the  samples  tested- showed 
cracking,  blistering,  peeling  or  any  other  significative  failure  of  the 
film  under  the  exposure  conditions  of  Mar  del  Plata's  harbour. 

7 .  Summary 

1.  Calcium  carbonate  (chalk)  provides  better  antifouling  paints  than 
those  formulated  with  ferric  oxide  or  magnesium  silicate  as  extender 
pigments . 


2.  After  375  days'  immersion,  samples  containing  chalk  showed  in  some 
cases  a  lower  settlement  than  others  prepared  with  toxins  as  only  pigment. 
Two  samples  with  Cu,0-Zn0-CaC0,  were  still  unfouled  after  a  600  days'  raft 
trial. 


3.  Good  antifouling  performance  can  be  obtained  with  cuprous  oxide- 
zinc  oxide  paints ,  but  if  longer  lives  than  one  year  are  required  in  the 
hydrological  and  biological  conditions  of  our  experimental  area,  it  is 
advisable  to  use  complementary  toxins.  01  all  the  substances  tested  for 


lfiom  mercuric  oleate 
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this  purpose  only  three  gave  satisfactory  results:  mercuric  oleate, 
cuprous  arsenite  and  mercurous  orthoarsenate. 

H.  The  best  performance  was  obtained  with  a  rosin  WW/phenolic  varnish 
binder.  Paints  formulated  with  rosin  WW/mercuric  oleate  give  good  fouling 
resistance,  but  the  greater  toxicity  could  be  due  to  the  mercury  content 
of  the  paint. 

5.  A  5/1  rosin/plasticizer  ratio  provided  the  highest  percentage 

of  paints  with  excellent  performance.  A  3/1  ratio  gives  very  satisfactory 
protection  with  CujO-Zr.O  formulations . 

6.  The  good  fouling  resistance  of  coatings  based  on  a  vinyl  acetate- 
vinyl  chloride  copolymer  resin  binder  should  be  noted.  Some  of  these 
paints  were  able  to  withstand  exposure  periods  of  up  to  600  days  in  the 
raft  conditions. 
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Pig.  4.-  Settlement  of  fouling  organisms  on  non  toxic 
panels:  level  A,  from  surface  to  I),  30  m  depth.  Mar  del 
Plata's  harbour  (1966/69) 

References  (fig.  4  to  7)s  (l)  Diatoms;  (2)  Knterpmor- 
pha  inteatinalis;  (3)  I'lva  lactuca;  (4)  Hryopsis  plu- 
mjsa;  (3)  Polyaiphonia  sp.;  (6)  Tubularia  crocea;  (7) 

G.  inornata  +  Obelia  angulosa;  (8)  M.  enigmatica  +  S. 
vermicularis  +  11.  norvegica;  (9)  Polydora  cf.  ciliata; 
(id)  Kubranchus  sp.;  (ll)  Tiabe  furcata  +  llarpacticus 
sp.;  (12)  Corophium  sp.;  (13)  B.  amphitrite  +  R.  tri- 
gonus;  (14)  Bugula  sp.;  (15)  Boverbankia  gracilis;  (l6) 
Cyrtograpsus  angulatus;  (17)  Ciona  inteatinalis. 


Pig.  5*-  Settlement  of  fouling  organisms  on  non  toxic 
panels:  level  H,  0,10-0,9^  m,  Mar  del  Plata's  harbour 
(19(1(1  t>9 ) 
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I  lg.  6. 
panel w : 


-  n 


-  Settlement  of  fouling  organisms  on  non  toxic 
level  C,  1,10-1  .’ll)  m,  Mar  del  1‘lata's  harbour 

( 19«i6  69) 
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Degree  of  settlement  Degree  of  settlement 


tig.  8.-  Performance  (aeon  values)  of  paints  with  and 
without  extenders]  binder  room  WV/phenolic  varnish  (1  I) 


Fig.  9.-  Performance  (neon  values)  of  paints  with  and 
without  extenders]  binder  roxin  WV/phenolic  varnish  (5  I) 
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Decree  of  settlement  Degree  of  settlement 


7".  no  '.*<>  t?*i  tvi  wt  mhi 

Days  esposurr 

Fig. III.-  Performance  (mean  values)  of  paints  vith  and 
without  extenders;  hinder  roain  WV  'phenolic  varniah  (7  l) 


Fig.lt.-  Performance  (mean  values)  of  paints  vith  and 
without  extenders!  binder  raain  W/linseed  standoil  Dll  P  (1  l) 
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lig.  la.-  I'erfonaanca  (naan  aaluea)  of  paints  with  aad 
without  aatandarai  bindor  roain  Wlinaaad  atandoil  bO  I*  (5  l) 


Fig.  13.-  Parfomanca  (naan  valuaa)  of  paints  with  and 
without  aatandarai  bindar  roain  WV/linsaad  atandoil  60  P  (71) 


Discussion 

Birnbaum:  Did  you  maintain  a  constant  pigment  volume  for  all  formulations? 
Rascio:  Yes . 
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dc  la  Court:  I  would  like  to  ask  you  what  does  it  mean  two  years'  exposure 
in  your  country?  You  have  always  the  whole  year  fouling  or  is  it  only  for 
a  half  a  year  or  three  months  as  in  our  country? 

Rascio:  Quand  on  parle  de  1  ou  2  ans  de  fixation,  c'est-i-dire  365  ou 
725  jours,  la  p^riode  des  salissures  dans  les  ports  est  d'environ  7  mois 
pour  les  balanes,  les  hydroides,  les  ascidies.  C'est  A  peu  prds  uniforme 
pendant  toute  l'annle  pour  les  algues. 
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New  Methods  of  Screening  Test 
of  Antifouling  Toxicants  and  Coatings 

Shizuo  Mawatari 

National  Science  Museum,  Tokyo,  Japan 

Antifouling  effect  depends  partly  upon  the  lethal  action  of 
poisonous  components  and  partly  upon  their  leaching  rate  from 
paint  surfaces.  The  usual  raft  tests  of  painted  panels  are,  in 
spite  of  their  practical  importance,  rather  incomplete  in  indicat¬ 
ing  only  the  mixed  results  of  these  two  independent  phenomena. 
Another  inconvenience  cf  these  tests  falls  on  the  fact  that  the 
different  fouling  communities  are  formed  in  different  seasons. 
Antifouling  coatings  must  be  evaluated  on  the  toxicity  of 
components,  rate  of  leaching  and  fouling  growth  on  painted  surfa¬ 
ces.  To  elucidate  their  relationships  a  consistent  research  system 
is  needed  at  present.  The  author  introduced  Artemia  sallna  and 
Chlorella  ellipsoldea  into  his  bioassay  tests  for  toxicity  of 
ingredients  ana  leaching  rate,  and  preliminary  aquarium  treatment 
to  clear  the  relation  between  leaching  rate  and  seasonal  fouling. 

Two  or  three  days  old  larvae  of  Artemia  sallna  were  added  to 
100ml  of  sea-water  solution  of  toxicants  prepared  in  concentration 
of  1,  5,  10,  25  and  50  ppm.  The  number  of  dead  individuals  was 
counted  after  1,  3,  6,  1?  and  24  hours  contact.  The  lethal  curve 
made  of  the  percentage  of  death  at  each  period  showed  the  charact¬ 
eristic  pattern  of  the  toxicants.  Monthly  change  of  leaching  rate 
was  also  studied  by  the  same  method. 

The  unicellular  green  algae  Chlorella  ellipsoldea  was  used 
as  a  scale  to  measure  the  anti-algal  effect  of  toxicants  and 
coatings.  Various  concentrations  of  toxics  and  leached  solution 
of  coatings  were  tested.  Characteristic  inhibitive  activity  was 
shown  as  percentage  decrease  of  centrifuged  volumes  of  Chlorella 
after  1,  3,  5  and  7  days  respectively. 

A  set  of  large  and  small  panelB  coated  with  the  same  paint 
was  kept  in  the  aquarium  of  running  water  from  which  the  larvae 
of  foulers  were  removed  through  sand  filter.  The  large  panels  was 
transfered  to  the  raft  test  and  the  smali.  ones  to  the  leaching 
study.  Bubbled  solutions  were  tested  by  Artemia-  and  Chlorella- 
scale,  and  obtained  results  were  compared  with  the  fouling 
communities  on  the  large  panels. 

By  these  three  methods  the  author  is  approaching  to  realize 
the  consistent  research  system  of  antifouling  paints. 


1.  Introduction 

As  the  result  of  long  time  researches  of  many  workers  Cuprous  Oxide 
has  been  highly  esteemed  and  is  of  wide  use  even  at  present.  Modern 
chemical  analysis  has  been  proved  quite  sufficient  for  the  quantitative 
determination  of  copper  released  in  sea  water.  A  number  of  works  have 
been  accomplished  in  regard  to  the  relations  between  leaching  rate  and 
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actual  anti-fouling  activity,  and  the  critical  value  of  10 ^.g /cm‘°/day  has 
been  confirmed  by  Ketchum,  Barnes  and  others. 

Accompanied  with  rapid  progress  of  organic  synthesis  numerous 
insecticides  and  fungicides  were  produced  industrially,  and  some  of  them 
proved  very  useful  for  antifouling  ingredients.  The  investigation  of  such 
compounds  has  become  of  urgent  necessity  in  paint  manufacture. 

However,  the  lethal  molar  concentration  of  these  organometallic  compounds 
is  said  to  be  of  the  order  of  1-30  x  10“®,  This  extremely  low  concentra¬ 
tion  has  made  the  quantitative  determination  by  purely  chemical  analysis 
quite  difficult  or  rather  formidable. 

To  overcome  the  difficulty,  various  sorts  of  bioassay  methods  have 
been  introduced  by  many  workers.  The  present  biological  researches  were 
designed  to  determine  the  toxicity  of  antifoulant  and  also  to  find  the 
reasonable  relations  between  leaching  rate  and  actual  fouling  on  panels 
in  the  sea.  The  following  results  were  obtained  under  the  collaboration 
of  the  Research  Institute  of  Natural  Resources,  Tokyo,  the  Research 
Laboratory  of  Kansai  Paint  Co.,  Ltd.  Hiratsuka,  and  the  Marine  Laboratory 
of  the  Tokyo  Mercantile  Marine  College,  Shimizu.  The  financial  aids  were 
given  by  Japan  Light  Metal  Association  and  the  Shipbuilding  Research 
Association  of  Japan. 

2.  Preliminary  Investigations 

The  author  tried  at  first  to  realize  an  idea  to  use  the  last-stage 
larvae  of  actual  fouling  organisms  directly  in  the  bioassay  teBts. 
Preliminary  works  were  started  in  1966  to  find  an  adequate  mass  culture 
method  necessary  to  keep  sufficient  number  of  materials  for  experiments. 
Larvae  of  Bugula  neritlna  were  released  every  morning  in  warmer  seasons 
out  of  matured  colonies  in  aquarium  and  used  in  some  tests.  Their 
extremely  short  swimming  period,  not  exceeding  6  or  7  hours,  proved, 
however,  rather  inconvenient  to  check  the  dilute  poison  in  sea  water. 
Another  trials  to  utilize  the  larvae  of  Hvdroldes  vesoensls  ended  un¬ 
successful  with  their  unstable  hatch  and  lower  survival. 

Shelled  larvae  of  Mytllns  edulls  were  obtained  about  4  weeks  after 
the  artificial  fertilization,  but  the  rearing  was  found  somewhat  difficult 
by  the  long  range  of  larval  period  and  also  by  the  change  of  food  habit 
on  the  way  of  growth.  A  number  of  cyprid  larvae  of  two  subspecies  of 
Balanus  amphitrlte  were  obtained  within  1  or  2  weeks  in  warm  seasons,  and 
proved  more  or  less  sufficient  in  the  check  of  low  concentration  of 
toxics. 

Inevitable  difficulties  of  the  use  of  these  larvae  exist,  however, 
in  their  limited  breeding  season  on  one  hand,  and  in  relatively  short 


957 


period  of  the  fin-  q  stage  on  the  other  hand.  Necessity  of  skill  in  cult¬ 
uring  food  algae  was  also  one  of  the  obstacles  against  the  popular  use 
r.os'i"  technicians  and  students  other  than  biologists. 

.'ince  the  direct  use  of  fouler's  larvae  did  not  always  yield  the 
o  tic factory  results  in  the  bioassay  tests,  the  troublesome  mass  culture 
of  final  stage  larvae  seemed  to  be  rather  insignificant. 

Some  trials  to  utilise  the  common  planktonic  crustaceans  as  the 
indicator  animals  were,  therefore,  carried  out  next  year.  Several  forms 
of  littoral  copepods  and  freshwater  cladocerans  such  as  Cal anus.  Cyclops. 
Tt  trio  ;.ius .  D.-.phnla  and  Molna  were  brought  into  use  along  with  the  younger 
stage  larvae  of  above-mentioned  fouling  species,  but  rather  indefinite 
results,  were  obtained  in  various  experiments.  Cultured  younger  larvae  of 
foulers  and  newly  collected  planktonic  materials  consist  naturally  of 
individuals  of  different  stage  of  growth.  The  indefinite  results  were 
probably  caused  by  the  different  physiological  activities  in  successive 
stage  of  growth. 

These  results  of  preliminary  investigations  seemed  to  tell  that  the 
most  indispensable  factor  in  bioassay  tests  is  not  to  use  the  fouling 
larvae  directly,  but  to  use  the  individuals  of  the  same  stage  of  growth 
and  of  the  same  physiological  condition. 

3.  Artemia-scale  Method 

Tn  a  series  of  comparative  bioassay  experiments  Artemla-sallna  showed 
the  nearest  results  to  those  of  cyprid  larvae  of  barnacles.  The  author 
selected  it  as  the  most  satisfactory  indicator  animal  to  determine  the  low 
concentration  of  toxicants  in  sea  water.  Dried  eggs  are  easily  obtained 
at  any  aquarium  shop,  and  it  is  easy  to  get  numbers  of  larvae  out  of 
eggs  ever  in  small  vessels.  Necessary  number  of  larvae  of  the  same  stage 
and  condition  are  used  at  any  required  season  of  the  year.  (Pig. 6  ) 

Two  or  three  days  old  larvae  were  added  to  50  or  100ml  of  sea  water 
solution  of  different  antifoulant  prepared  in  concentration  of  1,  5,  10, 

25  and  50  ppm  respectively.  After  1,  3,  6,  12  and  24  hours  contact  the 
number  of  dead,  enfeebled  and  sunken  individuals  were  carefully  counted 
under  the  stereoscopic  microscope.  (Fig.  1  )  Coefficients  1,  0.7  and  0.3 
were  applied  to  the  numbers  of  dead,  enfeebled  and  sunken  individuals 
respectively,  and  percentages  of  their  sum  to  the  total  individuals  are 
regarded  a3  the  indices  of  toxic  effect  of  chemicals  at  each  point  of  time 
as  follows. 

_t  N''(enfeebledjx0.7  +  N sunken )  xO.  ?  x  100=  percentage  death 

Obtained  curves  of  organic  toxicants  are  divided  into  two  types  of 
efficiency  pattern  (Fig.?).  Tin  compounds  belongs  to  the  fast  type  and 
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Triphenarsa3in  Chloride  and  DDT  to  the  slow  type. 

From  1967  t.o  196°  thorough  bioassay  tests  were  carried  out  on  nearly 
200  kinds  of  organic  and  inorganic  compounds,  and  the  results  proved  the 
excellent  nature  of  Artemla  sallna  larvae  .as  the  indicator  animal  to 
determine  the  antifouling  effect. 

This  method  using  Artemia  as  a  scale  of  toxicity  will  be  able  to  be 
named  "Artemia-scale  Method". 

4.  Chlorella-scale  Method 

According  to  the  increasing  damages  by  algal  fouling  on  ships,  the 
bioa3say  tests  by  some  marine  algae  were  started  in  1969,  and  it  became 
clear  that  the  direct  use  of  fouling  algae  was  inconvenient  partly  by  the 
difficulty  of  measuring  growth  and  partly  by  the  limited  season  or  period 
of  spore  making.  The  mo3t  excellent  results  were  obtained  by  an  unicellu¬ 
lar  freshwater  green  algae  Chlorella  elllpsoldea ^and  extended  researches 
on  a  marine  species  Chlorella  oval is  are  carrying  on  at  present. 

A  new  culturing  equipment  (Figs.  2,5)  was  applied  to  give  constant 
aeration  of  COp-rich  air  under  definite  illumination  of  2000  luxes.  To 
absorb  light  energy  effectively  and  to  get  constant  current  b/  bubbling 
the  culture  bottles  were  designed  to  have  flattened  parallel  walls  and 
specially  curved  bottom. 

After  H( Taisiya' s  celebrated  works  on  Chlorella  ellipsoldea  the 
following  culture  media  were  used. 

Myer's  4N  Arnon's  A5 


KNOt 

5.0  g 

H3FO3 

2.86  g 

KH2FO4 

1.25 

MnCL2.4H20 

1.81 

MgS04.7H20  2.5 

ZnS04.7H20 

0.22 

Fe3C4.7H20  0.005 

CUS04.5H20 

0.08 

H2O 

1000  ml 

H20 

Conc,H2304 

1000  ml 

1  drop 

In  the  case  of  bioassay  tests  1  ml  of  4N,  0.01  ml  of  A5  and  0.01  ml 
of  FeS04  solution  were  added  to  60  ml  of  toxic  solutions  with  different 
concentration. 

After  2  to  5ml  of  stock  culture  of  Chlorella  was  added  to  the  solution 
in  each  small  bottle,  they  were  set  in  the  equipment.  Every  other  day 
5  to  10  ml  of  the  cultures  were  centrifuged  and  declining  value  of 
haematocrit  scale  was  used  as  the  antifouling  potential  of  chemicals  at 
each  concentration.  (Fig. 10)  When  the  leaching  rate  was  concerned,  60ml 
of  bubbled  leachates  from  painted  panels  were  used  in  the  same  procedure. 
Experiments  on  about  100  kinds  of  organic  chemicals  were  carried  out  and 
satisfactory  results  were  obtained. 
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5.  Preliminary  Aquarium  Treatment 

Results  of  usual  raft  tests  of  painted  panels  indicate  the  mixed 
effects  of  two  independent  factors,  the  toxicity  of  antifouling  chemical 
itself  and  the  solubility  of  vehicles  of  the  paint.  The  life  of  an 
antifouling  paint,  therefore,  comes  to  end  when  the  leaching  rate  has  de¬ 
clined  under  the  critical  point  of  solubility.  The  relation  between  the 
leaching  rate  at  n  certain  time  and  actual  antifoulin.g  effect  of  the 
coating  is/very  important  subject  to  be  studied.  However,  the  quantita¬ 
tive  determination  of  leaching  rate  of  the  coating  in  the  sea  is  almost 
impossible  by  the  indefinite  decrease  of  exposed  surface  caused  by  the 
attachment  and  growth  of  various  foulers.  Another  difficulty  regarding 
the  antifouling  potential  in  the  unequal  effect  against  different  foulers 
in  different  seasons.  To  getover  these  two  difficult:' es,  the  paint  surface 
must  be  kept  clear  for  many  months  and  also  the  Immersion  time  must  he 
adjusted  to  the  breeding  season  of  different  organisms.  The  preliminary 
aquarium  treatment  was  originally  applied  to  deal  with  this  situation,  and 
fairly  good  results  were  obtained. 

A  set  of  large-and  small-size  panels  was  coated  with  a  kind  of 
antifouling  paint  of  the  same  constitution.  The  set  was  kept  in  the 
aquarium  provided  with  running  sea  water  through  the  sand  filter  (Pig.  3), 
then  the  coating  was  thoroughly  soaked  just  like  in  the  sea  and  the  surface 
was  kept  clean  with  no  macroscopic  fouling  organisms.  When  the  appropriate 
season  had  come,  the  large-size  panel  was  transfered  into  the  sea  and  the 
small-size  panel  with  200  cm^  of  exposed  surface  was  put  into  the  study 
of  leaching  rate.  (Fig. 4)  Development  of  fouling  community  on  the  panel 
and  the  result  of  bio-assay  test  of  leachate  were  compared.  (Fig. 7 )  Thf 
results  of  these  tests  were  indicated  in  the  Table  1. 

About  120  sets  of  these  panels  were  coated  with  five  kinds  of 
antifouling  paints  containing  Tributyltin  oxide.  Arsenic,  Zinc  thiocarba- 
mate,  DDT  and  Pentachlorphenol  respectively.  As  many  as  24  sets  of  panels 
we re  divided  into  five  groups  each  adjusted  to  the  different  seasons. 
Preliminary  aquarium  treatments  ranging  1  to  12  months  were  applied  along 
the  definite  schedule.  (Fig. ^  )  The  toxicity  of  these  leachates  was 
studied  by  Artemia-  and  Chlorella-scale  methods.  Behaviors  and  activities 
of  toxicants  were  thus  studied  comparatively  and  the  close  relation  bet¬ 
ween  leaching  rate  and  actual  fouling  was  fairly  determined. 

Fig. 10  indicates  the  results  of  comparative  study  on  Cuprous  Oxide, 
TBTO  and  Triphenarsazin  Chloride  by  Chlorella  ellipsoidea  after  the 
preliminary  aquarium  treatment  ranging  2  to  11  months.  The  study  showed 
the  long  rangeservice  of  Triphenarsazin  Chloride  in  antialgal  activity. 


960 


Seasonal  change  of  relation  between 
(by  preliminary  a  quarium  treatment) 


An -Animal  foul in 


lg.il  foulinf 


d o  value  of  community 


tun  for  culturin 


Bubbling  treatment  for 
leaching  out  of  small  panels 


Band  filter  and 
aquarium  for  preliminary 
immersion  of  panels 


May 

Jul 

Art  A1  An 

Art 

A1 

An 

ion 

C 

0 

96 

0 

0 

87 

0 

o 

0 

A 

68 

0 

4 

64 

0 

6 

55 

0 

5 

53 

0 

55 

C 

17 

4/1 

0 

23 

PrMmtMrv  Test 


- -  ....  ■  (.Mf,, 

*1'.  *  •  ! 


/ 

?  •  Hmcwm* 

i  /  «- 

m 

^  • 


V 


i 


NliHM* 
•  CfctaM 


l  * 


,  ■  ■ 


-jr 

f 


* 

Mil  i 


Fig.  5  Plan  of  Chlorella 
culture 


r - 1 

tth 


n 

o 


i=,r^ 


•  * :  . 

Fig.  6  Lethal  curves  of  four  animals 
compared 

-  *»•••••  T*»l  •  «  ..  ■  I .. 


r 


F 


la 


r  a  • 


f 

* 


> 


a 


Fig.  7  Plan  of  preliminary 
aquarium  treatment 


Fig.  8  Artemia  test  showing  two  types 
of  lethal  curves 


Fig,  9  Schedule  of  aquarium  Fig. 10  Chlorella  test  of  five  kinds  of 
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Discussion 


Christie:  I  would  like  to  draw  attention  to  some  earlier  work  of  Cornell 
and  Sparral  on  the  toxicity  of  inorganic  compounds  and  organic  metallic 
compounds  to  barnacle  larvae  and  to  artemia  larvae.  Based  on  that  work, 
there  is  some  question  concerning  the  conclusion  that  the  initial  results 
on  the  toxicity  of  inorganic  compounds  is  representative  of  the  effect  you 
get  with  organic  metallic  compounds  and  that  artemia  is  comparable  to  the 
barnacle  larvae.  With  regard  to  your  chlorella  work,  similar  techniques 
have  been  published.  How  do  you  achieve  solubility  of  the  toxicants? 

Some  of  the  concentrations  that  you  appeared  to  achieve  are  inconsistent 
with  my  experience. 

Mawatari :  I  made  a  solution  of  these  compounds  using  solvents. 


Ship  Hull  Anti-Fouling  System  Utilizing  Electrolyzed  Sea  Water 


Jitau  Shi bat a*  Mltauhiko  Kimura*  Kenji  Uoda**  Yajuro  Seike*** 

Nagasaki  Shipyard  *  Bngina  Work  a  ,  MITSUBISHI  Heavy  Industries,  Ltd. 
1-1,  AKUNOURA-KACHI ,  NAGASAKI  850-91.  JAPAN 


Mitaubiahi  Heavy  Induatriea,  Ltd.,  haa  recently  developed  a  new 
anti-fouling  ayatea  for  protection  of  ahipa1  hull*. 

In  thia  ayatea,  electrolyzed  aea  water  ia  nixed  with  air  and 
releaaed  froa  nozzle  pi pea  which  are  fitted  to  the  bilge  parta  of  a 
ahlp'a  hull,  ao  that  the  aixture  of  electrolyzed  aaa  water  and  air 
riaea  up  to  the  water  aurface  along  the  ship'a  side  ahella. 

A  teat  unit  with  a  capacity  large  enough  to  cover  a  100  a  long 
ahip'a  shell  plate  waa  built  and  operated  continuously  for  five 
months  producing  and  issuing  the  electrolyzed  aea  water  over  a  4  a  x 
10  a  steel  plate  iameraed  in  aea  water  for  confirmation  of  its  ef¬ 
ficiency  and  durability. 

On  the  basis  of  the  above  teat  rnBultu  and  the  preliminary 
designs  of  the  system  worked  out  for  several  different  ship 
applications,  it  ia  confidently  believed  that  the  system  offers  a 
great  benefit  to  shipowners. 

Key  Words:  Snip  dull  Anti-fouling;  Electrolyzed  sea  water; 

Electrolyzer;  Nozzle  pipe; 

A J'i  Economy 


1,  Introduction 

When  such  marine  growth  us  serpulae  or  levers  adhere  to  the  exterior  of  ship's  hull  and 
grow  there,  the  hull's  frictional  resistance  increases  to  reduce  the  speed  of  the  ship  which 
in  turn  adversely  affects  her  operational  economy.  The  usual  method  to  overcome  this 
trouble  is  by  coating  the  hull  with  anti-fouling  point  in  which  toxic  substances  are  mixed. 
However,  this  method  has  the  following  disadvantages: 

(1)  The  coating,  even  if  applied  twice,  is  only  about  100,41.  thick  and  therefore  does 
not  contain  sufficient  quantity  of  poison  to  be  fully  effective. 

(2)  Even  when  there  is  no  possibility  of  ouch  marine  growth  adhering  to  the  hull,  the 
poisonous  content  would  continue  to  dissolve  due  to  contact  with  sea  water,  and 

13)  Powerful  poisons,  such  us  organic  arsenites,  are  difficult  to  be  used  because  of 
the  harmful  effect  to  humans. 

Consequently,  us  it  in  difficult  to  develop  a  paint  which  remains  effective  for  a  long 
period  on  the  hull,  ships  are  obliged  to  dry-dock  for  recoating  every  year  or  so. 


*  development  Coordinators  section,  No.l  Ship  designing  department,  Nagasaki  Shipyard.  EKI 
**  Chemical  Kesearch  Laboratory, Nagusaki  Tecnnicul  Institute,  Technical  Headquarters,  Kill 
**•  Kachinery  Research  Laboratory,  Naganaki  Technical  Institute,  Technical  Headquarters,  Kill 

Figures  in  parentheses  indicate  the  literature  references  at  the  end  of  this  paper. 
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While  strenuous  efforts  have  been  aade  to  develop  a  better  anti-fouling  paint,  dif¬ 
ferent  anti-fouling  systems,  including  one  using  ultrasonic  waves'*',  which  are  expected  to 
dispense  with  the  disadvantages  of  the  coating  system,  are  being  studied. 

Mitsubishi  earlier  conducted  basic  experiments  on  an  anti-fouling  system  utilising 
electrolyzed  sea  waters?),  and  such  a  system  for  sea  water  piping  (MQPS)  is  already  commer¬ 
cially  available. 

With  a  view  to  developing  a  new  anti-fouling  system  superior  to  anti-fouling  paint 
system,  Mitsubishi  started  experiments  around  1965  to  study  the  feasibility  of  adapting  the 
electrolytic  method  for  shell  plating  and  have  now  devised  two  practicable  methods  which  arm 
the  belt-shaped  electrode  system  and  the  electrolyzer  system. 

(1)  Belt-shaped  electrode  system 

Belt-shaped  electrodes,  cathode  and  anode,  are  attached  to  the  bilge  part  of  the 
shell  plating  to  electrolyze  see  water,  and  minute  bubbles  are  jetted  from  a  nozzle  pipe 
laid  beneath  the  electrodes  to  direct  the  electrolyte  up  along  the  shell  plating, 

(2)  Blectrolyzer  system 

Sea  water  is  electrolyzed  in  an  electrolyzer  installed  on  board,  and  the  electro¬ 
lyte  and  bubbles  are  spouted  from  a  nozzle  pipe  laid  along  the  bilge  part  of  the  hull. 

Sasic  experiments  on  the  belt-shaped  electrode  system  (l)  were  conducted  at  first 
with  small  vessels  (70  GT  and  100  UT),  and  later,  using  50-meter  long  electrodes,  with 
the  "Houn  Maru"  (a  50,000-ton  class  ore  carrier)  of  Nippo  Risen  K.K.,  The  anti-fouling 
effect  of  this  system  was  confirmed.  However  it  was  found  to  consume  too  much  electric 
power  and  required  sophisticated  techniques  to  protect  the  shell  plating  from  corrosion 
by  the  electric  stray  current.  Therefore  it  was  decided  to  develop  the  electrolyzer 
system  (2) . 

For  practical  use,  it  was  necessary  to  confirm 

(l)  required  concentration  and  quantity  of  the  electrolyte  for  anti-fouling; 

(2}  characteristics  of  the  nozzle  pipe  from  which  the  electrolyte  and  air  are  spouted; 

(3)  performance  of  an  electrolyzer  that  would  be  compact  and  highly  efficient,  and 

(4)  durability  of  accessories  and  piping. 

Though  designing  data  of  each  elements  had  been  accumulated  from  the  various  basic 
experiments,  including  those  on  a  small  electrolyzer  and  nozzle  tests  in  a  30  cubic 
meter  water  tank,  the  effects  of  scaling  up  und  Bystem  performance  had  yet  to  be  as¬ 
certained. 

Consequently  a  large  teat  plant  vsb  built  to  confirm  the  ovarall  performance. 


2.  Overall  testa  with  the  large  test  plant 

2.1  Components  of  the  electrolytic  anti-fouling  system 

The  electrolytic  anti-fouling  Bystem,  as  illustrated  in  Fig.  1,  is  principally  composed 
of 

(1)  a  sea  water  pump  with  piping, 

(2)  an  electrolyzer, 

(3)  a  rectifier, 

(4)  a  cyclone, 

(5)  an  air  compressor  with  air  piping,  and 
(b)  a  nozzle  pipe. 

The  electrolyzer,  as  shown  in  Fig.  2,  is  built  of  a  number  oi  parallel  spacing  plate 
type  electrodes  with  the  intention  of  making  it,  us  well  us  the  power  rectifier,  as  compact 
as  possible.  The  cyclone,  intended  for  separating  magnesium  hydroxide  and  hydrogen  gas 
formed  as  by-products  of  electrolysis,  is  needed  for  preventing  the  choking  of  nozzles  and 


965 


ensuring  from  tha  gas  azploaion. 

Th*  noszla  pips  ia  so  designed  as  to  all  tha  alactrolyta  and  air,  spout  up  tha  mixture 
in  alnuta  bubbles,  and  evenly  distribute  tha  electrolyte  over  tha  hull  surface.  Adequate 
resistors  are  applied  to  the  nestles  so  that  the  spouting  may  be  unifora,  and  remain  unaf¬ 
fected  by  changes  in  the  trie  of  the  hull, 

2.2  Outline  of  the  teat  plant 

The  test  plant,  illustrated  in  Fig.  3,  was  installed  on  the  jetty  of  Dock  No.  2  at 
Nagasaki  Shipyard.  The  anti-fouling  capacity  of  the  plant  van  intended  to  cover  a  100-meter 
length  of  simulated  ship's  broadside.  A  part  of  the  electrolyte  generated  is  spouted 
together  with  air  from  a  nozzle  pipe  laid  at  the  bottom  of  a  panel,  4  meters  wide  and  10 
meters  deep,  to  flow  up  along  the  panel  surface  in  minute  bubbles. 

Another  panel  of  the  same  size,  unprotected  from  fouling,  was  soaked  in  sea  water  so 
that  the  anti-fouling  effect  could  be  compared.  The  first  and  second  testa  were  conducted 
in  this  manner,  and  afterwards  the  two  panels  were  joined  to  make  an  8-metejswide  anti¬ 
fouling  test  panel  for  the  third  test. 

The  pressurized  sea  water  fed  by  the  pump  goes  througn  a  strainer  and  a  flow  meter, 
and  reaches  the  electrolyzer  where  it  is  electrolyzed.  The  electrolyte  contains  magnesium 
hydroxide  and  hydrogen  gas,  which  are  removed  at  the  cyclone.  As  the  hydrogen  gas  is 
ejected  together  with  a  small  amount  of  the  electrolyte  from  the  top  of  the  cyclone,  it  is 

dehydrated  in  a  secondary  cyclone.  Then  it  passes  through  a  flow  meter  and  an  anti¬ 

explosion  filter,  and  enters  a  ventilator  fan  duct,  where  it  is  diluted.  The  magnesium 
hydroxide  comes  out  of  the  underflow  of  the  cyclone,  goes  through  a  flow  meter  and  enters  a 

magnesium  hydroxide  depositing  tank,  at  the  bottom  of  which  it  is  precipitated. 

A  part  of  the  electrolyte  from  the  outlet  of  the  cyclone  is  sent  to  the  nozzle  pipe 
attached  to  a  panel  passing  through  a  flow  meter  and  then  spouts  together  with  air  from  an 
air  compressor.  Though  not  indicated  in  Fig.  3,  a  mercury  manometer  is  fitted  to  measure 
resistance  in  the  strainer,  electrolyzer  and  cyclone. 

Major  part  of  the  electrolyte  is  discharged  sufficiently  far  from  the  panel.  A  valve 
ia  provided  halfway  on  the  discharge  pipe  so  that  the  pressure  on  the  plant  can  be  regulated. 
Another  part  of  the  electrolyte  is  poured  into  a  water  level  control  tank  and  by  the  level 
switch  installed  there,  the  power  Bupply  is  cut  off  when  the  water  feed  ic  stopped.  Test 
pieces  of  various  materials  are  submerged  in  the  water  level  control  tank  for  subsequent 
comparison  with  similar  pieces  soaked  in  sea  water  to  determine  their  respective  resistance 
in  highly  concentrated  electrolyte. 

2.3  Results  of  the  tests 
(l)  Anti-fouling  performance 

Figs.  4  and  b  indicate  the  difference  in  fouling  between  the  electrolytically 
protected  panel  and  the  unprotected  one.  The  distribution  of  residual  chlorine  on  the 
panel  surface  is  diagramed  in  Fig.  3.  As  Fig.  3  shows,  the  electrolyte  rises  in  the 
form  of  a  film  approximately  200-mm  thick  along  the  panel  surface,  and  quickly  starts  to 
disperse  as  it  reaches  the  surface  of  the  water.  Its  concentration  is  slightly  lower  on 
the  left  side  perhaps  due  to  the  influence  of  the  tidal  current.  Comparison  of  the 
distribution  curve  in  Fig.  3  and  tne  photographs  of  the  electrolytically  protected  panel 
in  Fig,  b  suggests  that  about  0.03  ppm  is  the  limit  of  the  anti-fouling  effectiveness. 

Table  1  lists  the  results  of  the  weighing  of  organisms  collected  from  the  panel 
surface.  Although  the  immersion  for  the  third  test  lasted  for  five  months,  the  air 
compressor  failed  to  work  for  some  time  und  consequently  tne  marine  growth  was  slightly 
more  than  would  have  been  otherwise.  Fig.  6  shows  comparison  ol'  the  effect  of  the 
electrolytic  method  with  that  of  A/F  paint,  indicating  the  superiority  of  the  former. 
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(2}  iilectrolyzer 


The  electrolyzer  was  in  operation  for  about  five  months  (5,400  hours)  without  over* 
hauling.  Although  it  was  possible  to  continue  the  operation  further,  the  test  was 
stopped  to  inspect  the  inside  of  the  electrolyzer.  It  iu  calculated  that  five  months  of 
continuous  operation  is  equivalent  to  approximately  three  years  of  an  actual  vessel^). 

The  electric  current  efficiency  remained  almost  invariably  at  around  BO  per  cent, 
and  the  inter-electrode  voltages  were  about  5  volts,  oince  the  efficiency  of  the 
rectifier  was  about  90  per  cent,  the  electric  power  required  to  produce  1  ton  chlorine 
can  be  calculated  in  the  following  way; 


i  =  l/l.323g-012/A.h  x  5  V  x  l/o.B  x  l/0.9 
-  5.25  Wh/g.Cl2  =  5.250  kWh/ton-Cl2 


Judging  from  the  condition  of  the  original  1-micron  thick  platinum  coating  of  the 
titanium  electrode  plates  after  the  completion  of  the  operations,  the  plates  could  be 
used  for  four  to  five  more  months.  Thus,  if  the  platinum  coating  is  l*r  micron  thick,  the 
plates  will  last  for  about  15  months  of  uninterrupted  use  or.  when  installed  on  an  actual 
ship,  8  to  10  years  of  normal  operation'5) (6) . 

(3)  Cyclone 

Tne  cyclone  separated  magnesium  hydroxide  at  a  rate  of  95  per  cent  or  more,  and  its 
pressure  loss  in  practical  use  was  insignificant. 

Since  the  separation  of  hydrogen  gas  was  insufficient  because  of  its  dissolution  in 
water  under  pressure,  a  secondary  cyclone  was  provided  to  isolate  the  hydrogen  gas.  On 
board  an  actual  vessel,  it  would  be  neceseary  to  place  a  cyclone  as  high  as  possible  to 
reduce  pressure,  and  thereby,  to  minimize  the  dissolution  of  hydrogen  gas  in  water  and 
facilitate  its  separation. 

(4)  Nozzles 

After  five  months  of  continuous  operation,  neither  abrasion  nor  choking  by  magnesium 
hydroxide  was  observed  on  the  hard  vinyl  chloride  nozzles. 

(5)  durability  of  the  other  components 

After  the  uninterrupted  operation,  no  defect  was  found  in  the  galvanized  steel  pipes, 
butyl  rubber  lined  valves,  hard  glass  made  rotor  type  flow  meters,  bronze  ball  valves  as 
well  as  hinge  type  simplified  flow  meters,  (important  parts  of  which  were  made  of  SUS  32) 
for  the  electrolyte  piping,  Carbon  had  been  deposited  on  the  surface  of  the  neoprene 
rubber  which  showed  sign  of  slight  deterioration,  but  presumably  not  to  such  an  extent  as 
would  pose  any  practical  problem. 

(6)  Wfect  on  paint  coating 

Although  the  electrolytically  protected  panel,  us  shown  in  Figs.  4  and  5,  looked 
brown  in  color  near  the  nozzles,  normal  anti-corrosive  paint  (a/c  paint)  appeared  when 
the  top  layer  of  the  paint  coating  was  removed.  The  coloring  was  due  to  superficial 
oxidation  of  the  coating,  but  doeB  not  seem  to  have  affected  the  paint  film  strength. 

On  the  other  hand,  small  plates  coated  with  a/c  and  a/o'  ♦  A Jf  paints  of  oily, 
chlorinated  rubber,  tar  epoxy  and  pure  epoxy  were  immersed  for  1,200  hours  in  a  highly 
concentrated  electrolyte  and  ordinary  sea  water  for  comparison  und  the  results  were  as 
follows: 

A/C:  The  coatings  underwent  a  strip  test  by  a  crosscutting  method,  indicating  no 
difference  between  the  pieces  immersed  in  the  electrolyte  and  those  in  sea 
water. 
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k/i's  Cuprous  oxide  changed  to  oxidized  copper  in  highly  concentrated  electrolyte, 
and  no  toxic  efflux  occurred,  The  ream  in  the  k/V  was  dissolved  by  the 
electrolyte  action  und  softening  of  the  coatings  was  observed  to  Borne  extent. 
However,  the  kj C  undercoatings  were  found  unaffected. 

Thus,  it  was  recognized  that  even  a  highly  concentrated  electrolyte  hardly  affect3 
a/C  coatings  und  therefore  would  cause  no  trouble  in  practical  use. 


3.  Outline  of  tentative  designs  for  actual  vessels 

Tentative  designs  were  prepared  with  respect  to  10,000-ton  class  general  cargo  vessels. 
50,000-ton  cluss  ore  carriers  and  tankers  of  various  cluaseo  up  to  500,000  tons.  As  an 
example,  the  application  of  the  electrolytic  anti-fouling  system  to  a  250,000-ton  tanker  is 
described  in  this  report. 

Pig.  7  illustrates  the  whole  system,  Pig.  8  the  nozzle  pipe,  composite  pipe  and 
strainer  flow-meter  unit,  and  fig.  9  the  electrolyzer  unit. 

3.1  whole  system 

The  electrolyzer  unit,  housed  in  a  container  having  u  cupacity  of  about  33  meters  cube, 
is  installed  on  the  deck  or  in  the  upper  part  of  the  engine  room.  The  container  also  houses 
rectifiers,  electrolyzers,  cyclones,  an  air  tank,  strainers,  a  switchboard  and  various  gauges 
The  electrolyzer  unit  treats  the  sea  water  und  air  supplied  respectively  by  the  sea  water 
pump  and  air  compressor  installed  in  the  lower  part  of  the  engine  room,  und  feeds  them  into 
the  main  electrolyte  and  air  pipes  respectively. 

The  main  pipes  for  electrolyte  and  air  are  laid  in  u  longitudinal  direction  on  the  upper 
deck,  and  branch  pipes  diverge  from  them  and  are  connected  to  strainer  flow-meter  units 
provided  on  ships’  broadsides.  Provision  has  been  mude  to  ullow  for  the  removal  of  rust  and 
magnesium  hydroxide  from  the  insiue  of  tne  muin  and  brunch  pipe3  for  the  electrolyte  and  air, 
and  at  the  same  til  .  regulate  the  rate  of  flow  through  the  pipes. 

bach  composite  pipe,  consisting  of  two  pairs  euch  of  lurge  und  small  vinyl  chloride 
tubes  set  in  position  with  filler,  is  contained  in  a  thick  steel  pipe  which  runs  from  the 
upper  deck  through  a  tank  to  the  shell  plate,  bach  composite  pipe  connects  a  strainer  flow¬ 
meter  unit  on  the  deck  to  the  nozzle  pipe  fitted  to  the  shell  plating. 

As  the  maximum  length  of  a  nozzle  pipe  is  about  25  meters,  composite  pipes  are  spaced  at 
intervals  of  about  50  meters  along  the  hull. 

3.2  Kozzle  pipes,  composite  pipes  and  Btrainer  flow-meter  units 

Since  little  marine  growth  takes  place  on  bottoms  of  modem  large  vessels,  nozzles  are 
installed  along  the  circular  portion  of  tne  bilge  so  that  the  broadsides  can  be  protected 
from  fouling. 

The  outside  dimensions  of  the  nozzle  pipe,  made  of  neoprene,  is  205  millimeters  wide  and 
65  millimeters  thick.  The  section  of  the  nozzle  pipe  is  divided  into  three  chambers,  top, 
middle  and  bottom,  and  the  electrolyte  runs  through  the  bottom  chamber  while  the  air  is  fed 
through  the  middle.  The  electrolyte  und  air  are  mixqd  and  then  jet  through  nozzles  made  of 
hard  vinyl  chloride  into  the  upper  chamber  where  the  mixture  remains  in  a  turbid  state  until 
it  is  discharged  through  the  holes  of  the  chamber.  At  the  lower  end  of  the  bottom  chamber, 
there  are  holes  for  discharging  residual  magnesium  hydroxide  which  the  cyclone  and  strainer 
failed  to  remove. 

The  outer  component  of  the  composite  pipe  is  an  STPT  Sch  160  tube,  joined  by  sleeve 
welding. 

Each  strainer  flow-meter  unit  is  housed  in  a  steel  plated  container  1,250  millimeters 
long,  900  millimeters  wide  and  610  millimeters  high,  to  protect  the  unit  from  the  impact  of 

waves. 
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i.  'i  bea  water  electrolyzing  system 

Table  2  lists,  as  an  example,  the  particulars  and  electric  power  consumption  of 
principal  units  of  the  system  for  a  250,000- ton  tunker.  with  one  rectifier  provided  for 
each  of  the  three  electrolyzers,  a  sudden  overload  on  the  generator  wouid  automatically 
switch  off  one,  two  or  all  three  rectifiers  when  required,  depending  on  the  seriousness  of 
the  overload.  They  would  then  be  switched  on  again  automatically,  when  the  overload  on  the 
generator  is  relieved. 

Cue  to  the  flexibility  of  the  electrolyzers  in  whicn  the  chlorine  concentration  varies 
in  proportion  to  the  amperage,  rectifiers  with  somewhat  larger  capacities  than  are  normally 
needed  may  be  designed  to  permit  operation  at  a  slightly  higher  concentration  of  electrolyte 
when  the  generator  is  working  below  its  full  capacity. 

If  an  electrolyzer  is  actuated  without  sea  water  in  it,  not  only  will  its  insulators 
burn  but  hydrogen  and  oxygen  may  also  accumulate  causing  fire  and  explosion.  To  prevent 
such  dangers,  the  electrolyzers  are  so  designed  that  they  cannot  be  switched  on  unless  the 
sea  water  pump  is  operating  and  there  is  a  dift'e.ence  in  pressure  between  their  inlets  and 
outlets. 

It  is  planned  to  remove  the  magnesium  hydroxide,  by  the  continuous  blowing  of  about  10 
per  cent  of  the  underflow  of  the  cyclone.  To  remove  hydrogen  gus,  it  is  extracted  together 
with  a  small  quantity  of  the  electrolyte  through  the  top  of  the  cyclone,  and  separated  with 
a  smaller  secondary  cyclone.  The  gas  passes  through  an  anti-explosion  filter,  is  adequately 
diluted  and  then  discharged  by  a  ventilator  fan. 

Those  portions  of  the  inner  surface  of  the  electrolyzer  unit  wliich  may  come  into 
contact  with  the  electrolyte  are  lined  with  plastic  or  neoprene.  As  the  whole  unit  is 
housed  in  a  sturdy  container,  pipes  and  valves  could  be  of  hard  vinyl  chloride. 

Double  sea  water  strainers,  with  16-mesh  nets  and  Blightly  larger  in  diameter  than  the 
piping,  will  be  provided. 

3.4  Main  and  branch  electrolyte  pipes 

The  main  and  branch  electrolyte  pipes  laid  on  the  upper  deck  are  of  galvanized  Bteel  at 
least  5  millimeters  thick. 


4.  Operational  economy  of  the  electrolytic  anti-fouling  system 

4.1  Present  situation  on  fouling 

fig.  10  shows  the  speed-reducing  effect  due  to  fouling  on  tankers  serving  the  Japan/ 
Persian  Sulf  route  and  ore  carriers  plying  between  Japan  and  South  America.  The  average 
reduction  in  speed  of  tankers  for  every  12-month  period  of  operation  between  dockings  is 
0.5  knot,  while  that  of  ore  carriers  over  the  same  period  is  1.0  knot. 

4.2  Increase  in  cruising  speeds  by  electrolytically  protected  system 

The  effect  of  electrolytic  anti-fouling  is  measured  by  an  increuse  in  the  cruising 
speed  of  the  ship.  However  assuming  that  the  decline  in  speed  diagramed  in  Fig.  10  is  whol¬ 
ly  attributable  to  fouled  hulls,  and  the  efficacy  of  the  electrolytically  anti-fouling 
system  is  perfect,  large  tankers  and  ore  carriers,  if  docked  at  12-month  intervals,  would 
gain  0.5  and  1.0  knot  respectively  in  service  speed  due  to  electrolytic  protection. 

If  the  drop  in  speed  due  to  the  increased  resistance  caused  by  the  roughening  of  the 
coating  surface  or  by  the  fouling  of  .he  slime,  as  covered  by  Fig.  10,  is  0.3  to  0.4  knot 
immediately  before  docking  after  every  12  months  of  operation,  the  average  service  epeed  of 
a  large  tanker  or  an  ore  carrier  with  electrolytic  protection,  is  calculated  to  rise  by  0.3 
or  0.6  knot  respectively.  When  docking  intervals  are  longer,  the  electrolytic  anti-fouling 
system  will  obviously  give  even  a  greater  advantage  in  speed. 
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4.3  economy  of  eiectrolytically  protected  vessels 

Although  recent  A/f  paints  have  greatly  improved,  they  remain  effective  for  only  8ix 
months  or  one  year  at  the  moot,  ana  their  anti-fouling  characteristics  suddenly  deteriorates 
after  that.  On  the  other  hand,  since  tne  electrolytic  anti-fouling  system  may  prevent  marine 
growth  on  hullo  semi-permunently.  dock-intervals  con  be  extended. 

The  aforementioned  increase  in  service  speed  and  the  extension  of  docking  intervals 
would  result  in  a  gain  in  annual  freight  eamings.  Kven  if  their  docking  intervals  remain  as 
they  are,  a  250,000-ton  tanker  would  earn  <150  million  more,  and  a  50,000-ton  ore  carrier. 

<40  million  more,  on  an  annual  basis.  The  corresponding  increuse  in  operating  costs  is  only 
the  additional  fuel  l'or  the  generating  plant  to  supply  power  to  the  electrolytic  unti-fouling 
system.  Assuming  that  the  extra  power  consumption  in  209  kilowatts  for  50  dayB  a  year  at 
anchor,  fuel  consumption  260  grams  per  kilowatt  of  power  generated  and  fuel  cost  <6,500  per 
ton  the  operating  cost  of  <550,000  a  year  is  trivial  for  a  250,000  ton  tanker  when  compared 
with  the  gain  in  freight  earnings.  I  refer  Table  3) 

If  docking  intervals  ure  extended,  the  number  of  idle  days  will  be  further  reduced. 

une  of  the  generally  applied  criteria  upon  which  to  decido  whether  or  not  an  additional 
equipment  should  be  used  is  whether  it  will  pay  for  itself  in  three  years.  fig.  11  gives  an 
estimated  increase  of  freight  income  by  eiectrolytically  protected  vessels  over  a  three-year 
period,  which  can  be  used  a3  a  criterion  to  assess  the  economic  value  of  this  electrolytic 
anti-fouling  system. 


5 .  summary 

kith  a  view  to  the  development  of  a  hull  anti-fouling  Bystem  utilizing  electrolyzed  Bea 
water  for  practical  use,  a  test  plant  on  such  a  scale  that  would  allow  enlargement  for 
application  to  an  actual  ship,  was  built,  and  overull  testa  were  conducted  to  confirm  the 
practicability  of  the  system  and  its  unti-fouling  effect,  as  a  result,  a  remarkable  anti¬ 
fouling  effect  was  ascertained  us  well  us  the  practicability  of  the  electrolyzers,  nozzle 
pipes  and  accessory  units. 

On  the  basis  of  results  obtained  from  the  tests,  trial  designs  of  the  system  were 
prepared  for  some  types  of  vessels  und  their  economic  aspects  were  studied.  The  results 
envisaged  a  significant  economic  advantage  for  the  system. 

Since  no  final  evaluation  of  the  system  can  be  achieved  until  it  is  tested  on  board  an 
actual  ship,  the  cooperation  of  all  concerned  for  its  realization,  is  desired. 
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Table  I  Quantity  of  marine  growth  after  immersion  test 


Panel 


blank  panel 


f 


Hec  truly  tii  ally 
protected  test 
panel 


Protected  against 
fouling  or  not 


Unprotected  surface 


- (A/C  only)  | 


Side 


\- 


I  lectroly  ticatly 
protected  surface 
(A/C  only) 


Position  of  sample 
collection 

Amount  of  marine  growth  (g/m1) 

f  irst  test  (for  3  5  days) 

Seiond  lest  (for  30  days) 

Third  test 

(depth  from  top) 

Living 

Dried 

Living 

Dried 

Dried 

2  m 

- 

- 

3 

0  850 

1  550 

1  207 

285 

- 

4 

400 

250 

- 

- 

- 

s 

400 

too 

669 

210 

- 

6 

420 

170 

- 

- 

7 

5  780 

130 

424 

122 

- 

a 

2  500 

550 

- 

- 

- 

4 

3  100 

300 

246 

73 

- 

2 

3 

1  700 

BOO 

- 

- 

- 

5 

1  700 

BOO 

- 

- 

- 

7 

450 

300 

- 

- 

- 

9 

90 

§0 

- 

- 

" 

2 

“ 

- 

- 

SO 

3 

330 

190 

Minute 

serpulae, 

540 

1  000'  2  000  bodies/m 

4 

70 

60 

Minute  serpulae, 

500'  1  000  bodies/m* 

380 

S 

20 

10 

0 

0 

120 

6 

3' 5  mm  awyaUa 
about  4  500  hodies/m1 

0 

• 

0 

7 

0 

0 

0 

0 

0 

a 

0 

0 

0 

0 

0 

9 

0 

0 

0  . 

0 

Notes: 


(1)  The  mean  low  tide  level  was  about  dm  below  the  panel  top. 

(2)  Organisms  were  collected  from  an  area  of  the  panel  surface  1 00mm  square,  and  weighed. 


Table  2  Particulars  of  equipments  and  power  consumption  (250,000  DWt  tanker) 


Item 

No.  of  unita 

Particulars 

Power  consumption 

Rectifier 

i 

75- 150V  *  660 A 

126  kW 

Electrolyzer 

3 

Platinum-coated  titanium  plate  (Pt  I.Sjj) 

- 

Sea  water  pump 

1 

280  m'/h  x  500  m  TH. 

54  kW 

Air  compressor 

1 

250  m’/h  (F.AJ  x  7  kg/cm1 

28  kW 

Air  tank  reservoir 

1 

800  S  x  7  kg/cm  * 

- 

Ventilator  fan 

1 

10  m’/min  x  60  mm  H,0 

0.6  kW 

Total 

209  kW 
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T»M«  3  E»t muted  increase  in  freight  income  resulting  from  use  of  anti-fouling  system 


Rout,  type  of  ship 

Japsn/P.G.  large  tanker 

Japan /S.  America  ore  carrier 

Deadweight  capacity 

2  SO  000  DWt 

SO  000  DWt 

Round-trip  diitance 

1  3  600  sea  miles 

20  000  sea  miles 

Average 
service  speed 

Clean 

As  it  is 

Electrolytically  protected 

16.0  kt 

IS.S  kt 

IS.8  kt 

16.0  kt 

IS.O  kt 

IS.B  kt 

No.  of  days 
at  sea  per  voyage 

As  it  is 

Electrolytically  protected 

36.5591  days/voyage 

3S.B6SO  days/voyage 

SS.SSS6  days/voyagr 

S  2. 74  26  days/voyage 

No.  o'  days  at  anchor  per  voyage 

4  days/voyage 

6  days/voyage 

No.  of  days 
required  per  voyage 

As  it  is 

Electrolytically  protected 

40.559 1  days/voyage 

39.8650  days/voyage 

6I.SSS6  days/voyage 

S  8. 74  26  days/voyage 

No.  of  idle  days 
per  year  due  to 
docking 

Once  a  year 

Once  every  other  year 

Including  IS  days/year 

transfer  time 
for  gas  freeing  J  7  5 

Including 

transfer 

time 

12  days/year 

6  days/year 

No.  of  voyages 
per  year 

As  it  is 

Electrolytically 

protected 

Once  a  year 
Once  every 
other  year 

(8.6294  voyages/year 

11.7796  voyages/year 

8.9671  voyages/year 

S.7347  voyages/year 

6.0093  voyages/year 

6.1 114  voyages/year 

Increase  in  cargo  volume  carried 
by  electrolytically  protected  ship 
per  year 

Once  a  year 
Once  every 
other  year 

37  550  tons/ycar 

84  600  tons/yesr 

13  730  tons/year 

18  83S  tons/year 

Freight  rate  per  ton 
(according  to  Kaiun.  Feb.  1971) 

As  of  Dec.  1970 

11.01  dollars/ton 
(Interscale  ♦  63.64%) 

As  of  Dec.  1970 

8.12  dollars/ton 

Increase  in  freight 
income  per  year 

Docked  once  a  year 

Docked  once  every  other  year  j 

149  000  thousand  yen /year 

335  000  thousand  yen/year 

40  100  thousand  yen/year 

55  100  thousand  yen/year 
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Ihtnoiisimi  ul  panel  I  in  miiIo,  Ml  m  Itiph 
I'.iani  applied  i*iIv  '  '  "•  l,,,th  vases 

IVri-ul  111  IIMIIIi*rM<HI  I  (••111  Vll^Ust  .1.  I'MtH 

I  nlil  September  1.  I  **<»!* 
€  I  •  »r  d  iv  s> 


llg.  4  Steel  I'.ilK’l  .I’lVT  Ivl  inill1fl\h*n  tv-M 


(jplHifll 

lup  If  1 1  Jill*  llllMlilf  •  •(  I'lfi  Hull  If  and  .111  released 

limn  |  lif  tin/  /It*  pipe  msi  riled  » In  nil  *1  m  tjiulfi 
VV.ltfl.  fINfS  slr.iiiiht  tip  .lllvl  disperses  .il  vv.ilfl  IfVfl 
I  up  r  •»;  ht  \p.til  I*  •*i*i  I  lie  area  appr<  txim.ilelv  I  m 
helms  lln*  vv.ilci  sml.it  e.  mu  slum-  his  at  t  iimtil.iff  d 
tin  (hf  »•!»•»  Ii< «lv  In , ill v  protested  panel  Marine 
isiowiIin  vv f if  »  mivpit  nmi\  mi  .i ti ii I  * ■  ifinli'itc 
infills  Hut  h.itl  been  ItllfJ  il  .<  tlisl.uit  f  <i|  -tun 
mm  from  Ihi*  panel  smt.it  f 

I  mlrr  HI  Ihf  |w»  panels.  fin*  tipper  mie  vv.is 
equipped  with  -in  elet  l r i »l v  In  .mil  t.mlin,:  n«»//te 
pipf  llirmi|!h  vvhnli  thf  rift  tnriv  lit  vv.is  tlisi  h.»r  ped 
•\  snull  t| u.irv 1 1 1 v  of  slmif  h.is  .it s iimiil.ili'tl  mi  (he 
panel  appr  ovim.itelv  I  in  hrluw  Ihf  water  siirl.it  *■ 
(Sec  Ihv  I  up  loft  |’ho|<»  »■!  I  i|£  M 
Ihtlimn  It'll  ami  r  if  III  l  ■  tnl.imin.il  imi  nt  Ihf  unpn* 

Irt  ini  p .iiifl  Sftpnl.i  H  irn.it  Ifs.  \st  nit. ms  .1*1  il 
Hrv  tt/ii.i 
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1*41111  applied'  Olh  \/C  in  both  cases 

•\  1.5  m  high  bv  I  m  wide  portion  ot  tti.ti  pari  ot 
the  elec  trot)  ticallv  jiiIi  f* »uli«ie  mmnwnrd 

without  removing  I  ho  slime  wlmli  had  4iitinml.iied 
during  (tie  first  It  si 

Period  «l  immersion  I  tom  September  8.  1‘ihH 
I'ntil  October  7.  i*)nM 
(for  10  dais) 

Weather  condition  when  the  photos  were  taken 

(frizzling 


1'ig.  5  Sleet  plale  a  Met  ’ml  mmietsion  ie\t 


(apt  ions 

i  enter  Ot  Ihe  two  panels  shown,  the  one  on  the  left 
was  equipped  with  an  eieetrols lie  anti  fouling  no/ 
/le  pipe  ihrough  which  the  elettiohie  was  dis 
charged  Chlorine  eontent  was  I*}  tones  of  that  in 
the  tirsl  lest. 

lop  letl  Contamination  ot  the  portion  affected  dur 
mg  Ihe  first  lest  has  increased  slightl). 

lop  right  Mthoiigh  ihe  VC  paml  near  ihe  electro 
Isle  nozzles  I  timed  brown,  the  change  was  onl> 
superficial  and  lud  not  aflectcd  Ihe  coaling  an> 
deeper. 

Itottoiu  let!  and  right  Ihe  water  temperature  was 
lower  than  in  the  first  test  and  this  resulted  in  less 
marine  hie  accumulating.  Nevertheless  it  did  foul 
Ihe  unprotected  panel  as  can  be  seen  on  the 
photos  Note  ihe  central  part  in  the  bottom  right 
photo  which  was  brushed  while  the  panel  was  still 
immersed 
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l  The  fouling  curve  representing  the  marine 
growth  on  the  electrotyticatly  protected  panel 
indicates  around  the  mean  low  tide  level  (see 
Table  I )  where  the  electrolytic  antFfouling  is 
least  effective. 

<  Latest  informations  cuncerning  A/I'  paints 
coated  on  actual  ship's  hull  are  desired. 

A/F  paint  data  on  small  test  pieces  are  usually 
better  than  on  actual  conditions. 

F%.t  Immersion  test  period  and  quantity 
of  marine  growth 


sr»*ne*  uwt 


StWWttonefWff'  U'V! 


F^7  Arrangement  of  anti-fouling  system  on  board  a  250,000  DWt  tanker 
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Discussion 


Morgan :  In  the  operation  of  the  system  using  air,  do  you  think  that  the 
trim  of  the  ship  will  affect  the  distribution  of  the  electrolyte? 

Shibata:  The  unit  has  a  valve  that  controls  the  amount  of  air  going  out. 

Suestion:  Will  the  chlorine  layer  be  evenly  distributed  over  the  ship  hull? 
Ill  you  be  allowed  to  use  this  system  in  ports? 

Shibata:  The  nozzle  can  control  the  air  to  provide  even  distribution, 
the  system  should  not  be  objectionable. 

Birnbaum:  What  is  chlorine  concentrations  in  parts  per  million? 

Shibata:  Parts  per  million  of  chlorine  is  very  low  and  indicated  in 
figure  3  of  the  paper. 

Smith  (U.K. ) :  U.K.  experience  with  an  injection  system  using  kerosene 
plus  toxin  on  merchant  ships  indicated  that  the  major  problem  was  distri¬ 
bution  and  results  were  unsatisfactory  because  of  ship  contours.  Although 
tankers  may  be  easier  to  protect,  how  would  you  deal  with  a  complex  hull 
form  such  as  Naval  ships? 

Shibata:  Additional  sections  would  be  required. 

Smith  (U.K,):  As  you  increase  the  complexity,  you  increase  cost.  This 
has  to  be  traded  off  against  effectiveness  of  anti-fouling  paint  or  other 
techniques  which  perhaps  can  achieve  the  same  job  at  a  much  lower  cost. 

Also,  U.K.  experience  with  a  piping  system  with  a  series  of  holes  or  nozzles 
resulted  in  a  fan  shape  distribution  and  areas  between  the  nozzles  weren't 
protected. 

Shibata:  The  electrolyte  is  pumped  and  mixed  with  air  to  facilitate 

distribution. 

Birnbaum:  There  is  apparently  a  difference  of  opinion  which  can  be 
resolved  only  by  ship  trial.  We  do  not  have  sufficient  time  to  pursue  this 
discussion. 

Poretz:  What  provisions  could  you  incorporate  into  the  system  to  assure 
that  the  system  would  work  all  the  time,  and  do  you  think  that  this  would 
reflect  significantly  in  the  total  cost  of  the  system? 

Birnbaum:  The  author  indicated  that  he  would  not  expect  to  get  protection 
while  the  ship  was  underway.  When  you  say  all  the  time,  do  you  mean  all 
the  time  that  the  ship  is  stationary? 

Poretz:  Anytime  the  ship  is  going  less  than  four  knots.  What  is  the 
reliability?  That  is,  how  sure  are  we  that  the  system  will  operate  100% 
of  the  time  even  with  nozzle  clogging  or  how  would  the  system  compensate 
for  some  other  malfunction? 

Birnbaum:  We  are  talking  about  a  concept  that  has  just  been  evaluated  and 
you  are  asking  for  data  on  engineering  reliability.  Don't  you  feel  this 
question  is  premature? 

Poretz:  No.  All  I  am  saying  is  that  to  provide  this  reliability  may 
significantly  affect  the  cost  of  the  system  over  that  indicated  in  the 
presentation. 

Shibata:  In  this  system,  there  are  three  units.  If  one  unit  goes  bad  or 

malfunctions ,  the  other  two  units  would  work,  so  there  is  a  built-in  spare. 
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Power  Electrolyzer  unit 
source  < — 
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Anti  explosion  Hter 
Flow  meter 


Weiw  1ml  evl%eh 

Magnesium  hydroxide 
if  r  depositing  tank 


Electrolyzer 


Secondary 
cyclone  > 

Flow  meters; 


Water  level  control  tank 
cum  tank  for  soaking  various 
materials  and  paint  test  pieces 

IteeAli  mlee 


Compressor 


i 

f  oH  i 


Flow  meter 


Suction  strainer 


Electrolyte  discharge  valve 
(for  regulating  back  pressure) 


Tidal  current 


j  Mean  high  ?0cm 
lwater  levelK 


Mean  low 
3  water  level 


Jtf\. ...  .!■  .lio» 

1 4m  nozzle  pipe 

Distribution  of  concentration 
on  panel  surface 


O.Sppm 


Dispersion  of 
electrolyte 


Fig.  3  Arrangement  of  test  unit  and  steel  panel  (Figures 
on  steel  panel  denote  distribution  of  Cl, ) 
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Ihrnensi.ni  of  panel  J  in  wiiti'  In  m  high 
I'.illil  apphe.l  < >il \  '  »  in  I*' .Hi  tases 

IVriml  i»l  mi inrf si> m  I  r< «m  Suensl  I  I'liiH 

I  niil  Sr|i|i'inlii,f  i.  I'MiK 
II. .r  »«.  Im) 


Tig.  I  Sleel  I'nirl  it  Ur  I  s|  immeisinn  lesl 


liplh.ns 

|..p  lelt  I  In-  tin \ i iiic  <•!  elet  Hols  it*  .uni  air  leleasetl 
Iroiti  Ihe  nozzle  pipe  mslalletl  jihont  ‘l  in  uinfei 
water  rises  straight  up  ami  disperses  al  vs  •III' r  level 
I  up  rigid  \|»  *rt  Ir.mi  |!*e  area  appmsimalelv  I  m 
helms  Hie  waler  siirlate.  im  slime  has  .hi  utniil.ileil 
nil  the  elet  lr<  .lv  lit  alls  protested  panel  Marine 
grow Mis  wi  n-  i  uiispn nuns  mi  aiigiilat  leintmie 
nienls  that  h  itl  hei'ii  tilletl  al  a  distant  e  < >f  41)0 
mm  from  iln-  panel  siirlite 

(  entei  IM  Hie  Ivv.i  p mels  llie  nppei  one  was 
eipiippt  <1  with  m  eletimlvtu  anli  fouling  nozzle 
pipe  through  wlil'ti  ifu*  elet  Ifilv  lit  was  dist  harged 
\  small  ipianlilv  of  slime  has  at  t  unmlaletl  on  the 
p  niel  apprusiniatelv  1  m  helms  Hie  water  siirfaie 
I  See  Hie  fop  let  I  photo  "I  I  ig  ^  I 
H'lliom  lilt  iti if  right  I'ontanmialioti  of  the  unpm 
let  |<-i|  pnii'l  Serpnta  Main  tiles.  \st  ulians  anil 
Mriozi.t 
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I'aint  applied  Oily  A/C  in  both  cases 

A  1.5  ni  high  hy  I  m  wide  portion  of  that  part  of 
the  elec  truly  tii.all>  anti  fouling  reimmersed 

«M th out  remitting  the  slime  which  had  accumulated 
during  the  first  test 

IVrmd  of  immersion  I  rom  September  H.  |U6M 
I'nlil  October  7.  mr.H 
(for  .W  days) 

Weather  condition  when  the  photos  were  taken 

l)n//lmg 


l-ig.  5  Steel  plate  alter  2nd  immersion  lesl 


Captions 

Center  Of  the  two  panels  shown,  the  one  on  the  left 
was  equipped  with  an  electrolytic  anti  fouling  noz¬ 
zle  pipe  through  which  the  electrolyte  was  dis 
charged,  Chlorine  content  was  I  •/>  times  of  that  in 
the  first  test. 

lop  left  Contamination  of  the  portion  affected  dur 
mg  the  first  lest  has  increased  slightly 

lop  right'  Allhough  the  A/C  paml  near  the  electro¬ 
lyte  nozzles  turned  hrown,  the  change  was  oi.ly 
superficial  and  had  not  affected  the  coaling  ans 
deeper. 

Bottom  left  and  right  I  he  water  temperature  was 
lower  than  in  the  first  lest  and  this  resulted  hi  less 
marine  lilt-  acciiniul.il mg.  Nevertheless  it  did  foul 
the  unprotected  panel  as  can  he  ven  on  the 
plmlos  Note  the  central  part  mi  III  •  bottom  right 
photo  which  was  brushed  while  the  panel  was  still 
immersed 
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Marine  growth 


E 


* 


1  2  3  4  5  6  7  8  9  10  11  12 


Months  of  immersion 


o  The  fouling  curve  representing  the  marine 
growth  on  the  electrolytically  protected  panel 
indicates  around  the  mean  low  tide  level  (see 
Table  1)  where  the  electrolytic  anti-fouling  is 
least  effective. 

o  Latest  informations  concerning  A/F  paints 
coated  on  actual  ship’s  hull  are  desired. 

A/F  paint  data  on  small  test  pieces  are  usually 
better  than  on  actual  conditions. 

Fig.  6  Immersion  test  period  and  quantity 
of  marine  growth 
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Fig.  10  Decline  in  ship  speed  due  to  hull  fouling  alone 


Months  after  undocking 
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Table  3  Estimated  increase  in  freight  income  resulting  from  use  of  anti-fouling  system 
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Marine  Fouling  Control  by  Electrolytic  Hypochlorite 

Generation 

Thoaaa  J.  Lamb 

Engelhard  Mlnerale  A  Chemlcala  Corporation 
205  Grant  Avenue 
Eaat  Newark,  New  Jersey  07029 


A  fouling  problem  existed  on  a  long  aea  water  line  and 
varloua  types  of  antifouling  methods  were  investigated. 

These  methods  included  liquid  chlorine,  sodium  hypochlorite 
and  calcium  hypochlorite. 

The  method  selected  for  this  test  was  electrolytic  so¬ 
dium  hypochlorite  to  study  its  effects  on  fouling  and  cor¬ 
rosion.  In  addition,  the  effects  of  constant  chlorination 
versus  lntermlttant  treatment  in  heavier  concentrations  was 
investigated. 

Teats  were  conducted  over  a  two  year  period  and  fouling 
organlama  were  controlled  by  leas  than  1  PPM  dosage  of  equiv¬ 
alent  chlorine  when  the  system  was  in  constant  operation.  It 
was  not  found  necessary  to  treat  to  the  chlorine  demand  of 
the  water,  nor  was  it  essential  to  show  a  residual  in  the  ef¬ 
fluent  in  order  to  control  the  fouling. 

Potential  problems  of  cell  blockage  due  to  calcareous 
deposits  ware  also  investigated.  Cell  design  was  shown  to 
prevent  deposits  and  constant  operation  could  be  obtained 
without  having  to  shut  down  for  cleaning. 

Electrode  life  was  also  investigated.  It  was  found  that 
previous  teats  showing  the  consumption  rate  of  platinum  in  sea 
water  of  6  mg/amp  years  were  valid. 

Workable  systems  were  shown  for  the  safe  and  complete 
deasipatlon  of  hydrogen  gas  evolution. 

Key  words:  chlorine;  hypochlorite;  residual;  cal¬ 
careous 


Marine  fouling  is  a  problem  which  has  been  recorded  in  the  earliest 
histories  of  the  sea.  Although  written  records  of  the  trea(..i<*nt  of  ships 
bottoms  as  early  as  the  5th  Century  B.C.  have  been  found, *  the  se  'rch  for 
an  antlfoullcg  surface  undoubtedly  began  with  even  earlier  ships  about 
which  little  is  written. 


^  Superscript  figures Indicate  the  literature  references  at  the  end  of 
this  paper. 
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Historically,  the  developaent  of  these  antlfoulante  falls  into  four  parts: 

(1)  the  repeated  Introduction  and  use  of  metallic  sheathing,  culminating  in  the 
discovery  of  copper  sheathing  as  an  effective  antlfoulant  surface;  (2)  the  in¬ 
validation  of  the  use  of  copper  on  iron  hulls  because  of  galvanic  effects;  (3) 
the  development  of  antifouling  paints  and  (4)  the  use  of  toxicants  in  the  form 
of  liquid  or  gases.  In  general,  the  systems  all  operated  with  one  thing  in 
common  -  that  it  had  the  ability  to  emit  some  substance  which  was  toxic  or  un¬ 
desirable  to  the  fouling  organism. 

The  several  factors  which  determine  the  tendency  of  a  surface  to  foul  when 
exposed  in  the  sea  may  be  divided  into  two  main  groups:  (1)  those  which  de¬ 
termine  the  numbers  of  larvae  coming  in  contact  with  the  exposed  surface  and 

(2)  those  which  limit  the  ability  of  these  larvae  to  attach  to  the  surface  and 
grow . 

The  factors  which  control  the  numbers  of  larvae  are  primarily  (1)  geogra¬ 
phical  (2)  seasonal  and  (3)  the  level  of  pollutants.  The  factors  which  control 
the  ability  of  the  larvae  to  attach  themaelves  are  many,  such  as  the  texture  of 
the  surface,  velocity  of  the  water,  level  of  illumination,  toxicity,  temperature 
and  others.  These  latter  factors  are  generally  those  that  are  controllable 
while  the  former  are  not.  Of  these  latter  factors,  the  one  that  is  most  easily 
controlled  is  toxicity  because  it  la  the  only  factor  which  will  not  require 
changes  in  the  system  design  parameters  and  can  be  added  from  outside  the  sys¬ 
tem.  Many  toxica  have  been  tested  through  the  years.  These  include  salts  of 
many  metals  and  many  uncompounded  metals  as  well  as  gases  and  organic  com¬ 
pounds.  One  of  the  moat  convenient  of  these  toxics  from  a  cost  and  availability 
standpoint  la  chlorine.  Its  toxicity  is  well  known  and  shown  by  the  fact  that 
the  1971  Occupational  Safety  and  Health  Act  lists  1  PPM  exposure  for  8  hours  as 
the  current  national  standpoint  for  humans.2  Concentrations  in  air  above  about 
0.3  PPM  can  be  detected  by  smell  by  moat  persons.  Because  of  the  toxicity, 
chlorine  has  become  one  of  the  moat  effective  of  fouling  control  chemicals.  The 
vital  organisms  of  most  marine  animals  are  more  sensitive  than  humans  and  thus 
it  would  be  expected  they  are  quite  vulnerable  to  very  low  concentrations  of 
chlorine.  It  has  been  shown  that  some  fishes  are  killed  with  doses  aa  little 
as  .05  PPM.3 

With  the  knowledge  that  chlorine  was  an  effective  antlfoulant,  the  purpose 
of  this  study  was  to  first  identify  what  form  of  chlorine  was  most  effective  and 
secondly,  to  design  equipment  which  would  produce  the  desired  product  and  do  so 
automatically  and  economically. 

The  methods  of  chlorine  release  that  were  considered  were  liquid  chlorine, 
calcium  hypochlorite  and  sodium  hypochlorite.  The  chemistry  of  the  reactions 
of  each  la  as  follows: 

Cl2  +  H20  _ ^  H0C1  +  HC1 

Ca(OCl)  2  +  h20  _  CaOH  +  H0C1 

NaOCl  +  H2o  r  NaOH  +  H0C1 

Each  of  these  forms  releases  chlorine  as  hypochlorous  acid  (H0C1)  or 
ionized  as  the  hypochlorite  ion.  It  can  be  seen  that  all  forms  produce  the 
same  end  product  which  is  defined  as  free  available  chlorine  or  free  residual 
chlorine.  It  is  chlorine  in  this  form  that  will  be  referred  to  throughout  this 
paper . 

Since  sea  water  is  the  source  of  marine  fouling  organisms,  it  would  follow 
that  it  also  be  the  source  of  the  salt  for  the  formation  of  sodium  hypochlorite 
which  was  decided  to  be  used  in  these  tests.  Liquid  chlorine  was  rejected  be¬ 
cause  of  the  dangers  in  handling  and  difficulty  in  isolating  in  aqueous  solu¬ 
tion.  Calcium  hypochlorite  was  not  considered  because  of  the  unavailability  of 
economical  calcium  chloride  and  lack  of  same  in  sea  water.  The  breakdown  of 
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salt  water  by  electrolysis  is  shown  as  follows: 

NaCl  +  H20  _ ^  NaOC  1  +  H.,f 

The  tests  were  conducted  at  a  sea  water  Inlet  which  pumped  water  through 
an  18”  line  (45.6  cm)  to  its  delivery  point.  The  total  pumping  capacity  of 
this  line  was  6.9  Mg/d  (26,200  M^/d);  however,  the  average  water  pumped  was 
about  half  that  amount. 

Prior  to  these  tests,  this  line  was  treated  with  liquid  chlorine  with 
batch  treating  twice  a  day  for  a  total  of  25  pounds  (55  Kg)  per  day.  This 
treatment  gave  marginal  results  because  large  collections  of  shells  were  ac¬ 
cumulated  at  strainers  at  the  end  of  the  line  on  a  regular  basis.  Also  foul¬ 
ing  was  noted  In  some  distribution  lines  as  shown  in  Figure  1. 

The  water  was  drawn  from  a  lagoon  off  the  Atlantic  Ocean  with  a  salinity 
of  about  32  PPT,  and  a  summer  time  chlorine  demand  of  2  -  3  PPM. 

The  design  of  the  equipment  for  this  test  was  completed  in  about  three 
months  and  the  two  test  units  were  Installed  in  June  1970.  Two  one  pound/ 
hour  chlorine  units  were  Installed;  each  of  a  different  design  with  each  cap¬ 
able  of  equaling  the  liquid  chlorine  output  used  previously. 

The  two  designs  employed  were  for  analysis  of  the  geometrical  effects  on 
collection  of  calcareous  deposits.  One  design  employed  a  tube  within  a  tube 
with  the  water  flowing  between  the  annulus  between  the  tubes.  The  alternate 
design  employed  two  parallel  plates  with  the  water  passing  between  the  plates. 
These  designs  are  shown  In  Figures  2  and  3.  Previous  designs  that  had  a  series 
of  plates  In  parallel  have  been  explained  In  the  literature. 4  Earlier  tests 
on  this  arrangement  showed  that  the  plates  clogged  with  calcareous  deposits  due 
to  the  close  spacing  and  alternate  paths  open  to  passage  by  the  water.  This 
previous  design  is  shown  in  Figure  4.  The  major  goals  of  this  study  were  to  (1) 
combat  the  previous  deposit  buildups  and  Inevitable  need  for  shutlng  down  the 
equipment  for  cleaning;  (2)  design  cells  which  could  be  used  in  series  In  order 
to  generate  higher  capacities  (3)  determine  the  life  of  the  anodes;  (4)  assess 
the  consequences  of  the  buildup  of  hydrogen  gas  within  the  system  and  (5)  de¬ 
termine  the  amount  of  hypochlorite  which  would  control  antlfoullng. 

The  method  chosen  for  elimination  of  deposits  was  velocity  combined  with 
a  single  flow  channel  for  the  water.  This  did  not  permit  alternate  paths  for 
the  water  which  when  available  will  permit  deposits  to  build  up  between  some 
of  the  plates  and  eventually  decrease  the  output  and  require  cleaning.  Ve¬ 
locity  was  maintained  at  5  ft/second  (153  cm/second)  or  greater.  Both  designs 
shown  in  Figure  2  are  single  pass  configurations. 

The  cell  length  was  lb  Inches  (40.5  cm)  and  with  50  amperes  of  current  at 
7  VDC  was  capable  of  generating  1/8  pound  (.28  kg)  of  chlorine  per  hour. 

Eight  of  these  cells  were  placed  In  series  to  obtain  the  desired  1  pound/hour 
(2.2  kg/hour).  Total  power  consumption  at  the  cells  was  2.8  KW  for  1  pound 
(2.2  kg)  of  chlorine  capacity.  This  power  consumption  was  obtained  when  the 
water  resistivity  was  30  ohm-cm  In  the  warmer  months.  Power  consumption  was 
higher  during  the  colder  months.  In  order  to  maintain  constant  chlorine  out¬ 
put  for  the  changes  In  resistivity  caused  by  seasonal  changes,  a  power  supply 
was  used  which  employed  a  saturable  reactor.  This  type  supply  would  maintain 
a  constant  current  output  with  changes  in  resistivity  of  the  water  due  to 
seasonal  changes. 

For  the  total  flow  capacity  of  the  system  of  6.9  million  gallons  per  day 
(26,200  M^/d)  of  chlorine  output  would  give  a  concentration  of  .83  PPM  of 
chlorine  to  the  entire  flow.  However,  during  most  the  test,  only  two  of  the 
three  available  pumps  were  used  for  a  total  4.6  mg/d  (17,400  M-Vd)  and  the  1 
pound  (2.2  kg)  generator  units  were  alternated  giving  a  total  of  .63  PPM 
total.  At  the  outset  of  the  test,  the  fouling  in  the  distribution  line  was 
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similar  to  that  shown  In  Figure  1.  The  large  18"  (46  cm)  line  was  apparently 
lined  with  shell  fish  as  witnessed  by  large  collections  of  shells  which  were 
collected  during  the  first  few  months  of  the  test.  These  shells  were  collected 
In  a  strainer  at  the  delivery  point  and  the  numbers  decreased  sharply  after 
several  months  to  the  point  that  almost  none  were  in  evidence  during  the  last 
year  of  the  teat.  The  generator  was  allowed  to  run  unmanned  for  the  duration 
of  the  test  with  checks  made  dally  at  first,  then  every  other  day  and  finally 
once  per  week.  These  checks  were  to  measure  power  consumption,  chlorine  out¬ 
put  and  flow  through  the  generator.  Internal  checks  on  the  equipment  were 
made  at  about  6-8  week  Intervals  during  required  maintenance  periods. 

The  results  of  the  test  can  be  categorized  Into  two  areas;  (1)  the  opera¬ 
tion  of  the  equipment  and  (2)  results  of  the  hypochlorlnatlon  on  the  fouling 
control  program.  The  equipment  performed  satisfactorily,  giving  approximately 
90Z  current  efficiency  based  on  Faraday's  Law. The  Inefficiencies  appear  to  be 
in  the  generation  of  small  quantities  of  oxygen  and  chlorine  as  determined  from 
laboratory  generated  samples. 

During  the  duration  of  the  tests,  a  residual  at  the  outfall,  which  is  ,5 
miles(.8  km)  from  the  Injection  point,  was  never  obtained.  The  chlorine  de¬ 
mand  of  the  water  which  was  2-3  PPM  had  never  been  attained;  however,  com¬ 
plete  fouling  control  was  obtained.  This  Is  significant  for  two  reasons:  (1) 
residual  chlorine  discharge  into  estuaries  Is  not  required,  thus  the  deleteri¬ 
ous  effects  of  residual  chlorine  can  be  avoided;  and  (2)  lower  quantities  of 
chlorine  usage  are  possible  in  many  cases  than  would  be  required  if  chlorinat¬ 
ing  to  a  residual  at  the  outfall. 

Prior  to  the  teats,  chlorination  was  done  on  a  batch  method  twice  a  day 
using  10  -  12  pounds  (22  -  26  Kg)  of  chlorine  and  showing  a  residual  of  2  -  3 
PPM.  This  method  proved  unsatisfactory  because  shell  fish  could  survive  this 
type  of  treatment  due  to  the  abllltiy  of  some  of  them  to  close  their  shells 
for  several  hours  and  not  suffering  any  111  effects  from  the  chlorine.5  How¬ 
ever,  continuous  chlorination  will  remedy  this  situation  because  the  animal 
must  open  up  to  feed  at  some  time,  and  the  low  level  chlorination  will  atill 
be  sufficient  to  kill.  Electrolytic  generators  are  particularly  adaptable  to 
continuous  operation  and  thus  constant  chlorination  is  easily  attained.  If 
batch  treatment  Is  desired,  additional  storage  facilities  are  required  and 
due  to  the  low  concentration  (300  PPM)  large  storage  facilities  would  be  re¬ 
quired  plus  additional  peraonnel  or  timing  equipment  when  pump  out  of  the 
stored  liquid  was  desired. 

Anodes  used  In  the  tests  were  ASTM  338-65  Grade  2  titanium  with  100  mlco- 
inchea  of  platinum  plate.  The  current  density  was  250  amperes/ft*  and  the 
voltage  was  maintained  at  7  volts  DC  across  a  waterfllled  gap  of  .185  Inches. 
Platinum  consumption  was  6-7  mg/amp-yr  which  with  a  controlled  platinum  plate 
thickness  can  predetermine  the  anode  life  to  a  well  defined  time  frame.  The 
100  micro  In  this  case  would  give  a  life  of  3.8  years. 

During  the  tests,  the  feasibility  of  adding  addition  cells  to  the  system 
was  also  Investigated.  This  was  feasible  providing  no  Interruption  to  the 
flow  was  Introduced  which  provided  stagnation  points  which  allowed  calcareous 
deposits  to  build  up.  It  was  shown  that  10  pounds/hour  (22  Kg)  generating  ca¬ 
pacity  was  the  most  that  could  be  generated  in  series  before  the  buildup  of 
hydrogen  gas  was  sufficient  to  cause  a  decrease  In  efficiency. 

Hydrogen  gas  buildup  Is  at  the  rate  of  .16  ft.  5(4.5  l)/pound  of  chlorine 
generated.  When  this  volume  Is  diluted  with  the  hypochlorite  at  a  rate  of  1 
PPM,  the  hydorgen  concentration  is  .028  PPM.  If  this  amount  of  hydrogen  la 
carried  in  the  effluent,  It  Is  harmless  unless  allowed  to  collect.  In  case  of 
this  test,  the  hydrogen  was  vented  in  a  deaerating  unit  prior  to  its  use.  This 
concentration  could  also  be  easily  vented  in  a  small  holding  tank  or  a  colling 
canal  or  any  other  area  which  allowed  a  short  residence  time  (3  minutes  mini¬ 
mum)  and  has  free  access  to  the  open  atmosphere.  It  was  shown  from  this  test 


that  the  hydrogen  gee  can  be  safely  Injected  Into  the  aysten  without  the  em¬ 
ployment  of  any  specialized  removal  equipment.  In  the  caae  of  uae  Indoors, 
however,  the  evolved  gaa  must  be  vented  to  the  atmosphere. 


The  conclusions  of  this  test  are: 

(1)  Sodium  hypochlorite  la  aa  effective  as  liquid  chlorine  *s  an 
antlf oulant . 

(2)  Sodium  hypochlorite  can  be  efficiently  and  economically 
generated  from  ocean  water,  brackish  water  or  artificial 
brine . 

(3)  Calcareoua  deposit*  can  be  eliminated  In  generating  cells 
to  eliminate  cleaning  and  down  time. 

(4)  A  residual  la  not  required  in  an  outfall  to  guarantee  com¬ 
plete  fouling  control. 

(5)  1  PPM  at  the  source  of  the  sea  water  system  completely  con¬ 
trols  fouling  in  the  system. 

(6)  The  chlorine  demand  of  the  water  la  independent  of  concen¬ 
tration  required  for  fouling  control. 

(7)  The  safety  Inherent  in  on-site  hypochlorite  generation 
warrants  serious  consideration  as  a  replacement  for  liquid 
chlorine  uaea. 

(8)  Contlnuoua  chlorination  Is  completely  effective  for  foul¬ 
ing  control  while  lntermlttant  or  shock  treatment  la  not. 

(9)  Logistics  problems  are  eliminated  with  an  on-slte  sodium 
hypochlorite  generation. 

(10)  Hydrogen  gas  evolution  can  be  safely  and  completely  con¬ 
trolled  within  the  system. 
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Discussion 


Bowen.  Franklin  Institute:  A  U.  S.  Patent  was  granted  a  few  years  ago  to 
an  individual  named  Green  for  the  application  of  chlorine  gas  to  ships' 
hulls  electrolytically  generated.  If  you  are  familiar  with  the  claims  and 
results,  would  you  give  them  to  us  particularly  with  respect  to  resulting 
corrosion? 

Lamb:  I  am  not  familiar  with  the  specific  patent;  however,  the  shipboard 
tests  that  we  have  done  are  very  limited.  Some  remarks  made  by  our  keynote 
speaker  earlier  in  the  week  showed  some  corrosion  results  as  a  result  of 
chlorine  concentrations.  I  am  not  familiar  specifically  with  this  work. 

Our  tests  were  strictly  piping  tests.  The  corrosion  in  our  tests  showed 
that  there  we.;  no  increased  corrosion  on  the  hypochlorite  side  than  there 
was  with  nor  ll  sea  water  corrosion.  The  only  materials  difference  we 
noticed  was  in  the  use  of  threaded  PVC.  The  hypochlorite  embrittled  the 
PVC  threads  and  we  had  failures  with  threaded  PVC.  The  cemented  stock  of 
PVC  worked  all  right. 

Neihof,  NRL:  The  biocidal  effect  of  hypochlorite  is  very  pH  sensitive  in 
the  range  from  seven  to  nine.  Was  the  effluent  from  your  electrolytic 
generators  more  alkaline  than  normal  sea  water? 

Lamb:  Yes.  The  sea  water  we  were  testing  was  at  a  pH  of  7.5  at  the  inlet 
and  at  8.S  at  the  outlet.  Chlorine  produces  hypochlorous  acid  and  hydro¬ 
chloric  acid  which  tends  to  lower  the  pH.  Our  system  tends  to  increase  the 
pH  because  of  the  hydroxide  generation. 

Neihof:  The  effectiveness  is  probably  somewhat  less  at  pH  8.5  than  it  is 
at  8.  If  you  could  figure  out  some  way  of  keeping  it  at  around  neutrality, 
you  might  be  able  to  lower  your  concentrations  still  more. 

Lamb:  The  pH  I  am  referring  to  is  at  the  outflow  of  the  generator.  You 
further  dilute  that  300-fold  so  the  pH  effect  on  the  system  is  negligible. 

Agawall .  Dupont:  The  biocide  when  you  put  chlorine  in  sea  water  is  not 
chlorine ,  but  bromine  because  sea  water  has  60  parts  per  million  bromide 
ions  which  is  oxidized.  When  you  say  that  with  one  part  per  million 
chlorine,  you  completely  eliminate  fouling,  are  you  saying  that  you  are 
eliminating  only  macrofouling,  but  not  microfouling? 

Lamb:  When  this  test  first  started,  this  line  was  heavily  fouled  with 
shellfish.  We  collected  thousands  of  oyster  shells  at  the  end  of  the  line. 
It  was  surprising  that  they  grew  in  the  dark.  This  was  a  half-mile  long 
line,  but  they  did.  They  were  much  smaller  than  mature  oysters.  It  took 
several  months  before  these  shells  finally  stopped  coming.  At  the  larvae 
level,  we  believe  that  they  are  killed  on  contact  upon  entrance.  So, 
if  you  can  start  this  system  up  then  the  first  time  you  put  water  into  a 
pipe  you  should  not  have  any  problems,  but  in  this  case  it  was  retro-fitted 
into  a  line  that  was  heavily  fouled.  After  about  three  months  the  line 
was  clean. 
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A  Study  Of  The  Performance  Of  Selected  Premium  Marine  Coatings  Systems 
Richard  J.  Dicli^)  and  Willard  M.  Lawall^ 

(1)  Battelle  Columbus  Laboratories,  505  King  Avenue,  Columbus,  Ohio  43201 

(2)  United  States  Coast  Guard,  400  Seventh  Street,  S.W.,  Washington,  D.  C.  20590 


Eighteen  premium  antifouling  marine  coatings  systems  are  being  examined  in  a 
comprehensive  study  to  determine  extended  service  life  potential.  The  average  service  life 
of  today's  premium  shipbottom  coatings  system  Is  about  two  years.  The  U.  S.  Coast  Guard  Is 
concerned  with  extending  this  time  to  five  years,  not  only  for  the  protection  of  vessels 
but  for  navigational  aids  as  well.  The  premium  coatings  systems  in  this  study  were  selected 
to  contain  ccsihinations  of  (1)  substrate  (steel  plate,  aluminum  alloy  6061,  fiberglass); 

(2)  pretreatuents  (wash  primers,  flame-sprayed  aluminum);  (3)  anticorrosive  tlecoats 
(vinyl-rad  lead,  polyester-flake  glass,  self-cure  and  postcure  zinc  silicates,  epoxy,  high- 
bulld  vinyl,  epoxy-coal  tar,  chlorinated  rubber);  (4)  antlfoullng  topcoats  (rosln-vlnyl, 
rosin- fish  oil,  epoxy-coal  tar,  chlorinated  rubber);  and  (5)  toxicants  Incorporated  Into 
antlfoullng  topcoats  (cuprous  oxide,  cupric  hydroxide,  organotln,  organolead) .  The  program 
for  evaluating  these  systems  Is  concerned  mainly  with  seawater  immersion  studies,  Including 
both  dynamic  and  static  exposures.  The  dynamic  exposure  procedure  presents  an  Improved  and 
acceptable  method  for  evaluating  coatings  under  actual  exposure  conditions  for  the  simulation 
of  ship  activity  periods  (underway  and  at  anchor).  Static  exposure  conditions  are  repre¬ 
sented  by  conventional  raft-type  lnserslon  In  subtropical  ocean  waters.  To  date,  dynamic 
(simulated  service)  studies  have  been  In  progress  for  live  cycles  (one  cycle  equals  two 
months,  one  month  of  activity  at  a  speed  of  22  knots  and  a  second  month  of  resting).  Static 
immersion  studies  have  been  In  progress  for  22  months. 

Data  indicate  that  the  performance  of  four  of  the  18  systems  Is  outstanding.  Best 
of  this  group  la  a  system  topcoated  with  a  vinyl-rosin  antlfoullng  which  contains  organotln 
(TBTF)  toxicant.  The  performance  of  another  five  coating  systems  appears  excellent  but  Is 
somewhat  poorer  than  that  of  the  above  four.  From  rotor  apparatus  data  It  is  possible  to 
forecast  an  earlier  failure  date  for  this  second  group.  Thus,  several  coatings  systems 
appear  to  possess  the  potential  for  meeting  the  desired  extended  service  life. 

The  performance  of  a  third  group  of  seven  coatings  systems  is  demonstrating 
definite  failure  trends.  There  appears  to  be  a  good  correlation  between  data  obtained  from 
both  dynamic  and  static  exposures.  Failure  trends  range  from  trace  fouling  to  cosq>lete 
failure  and  the  accelerated  aspect  of  rotor  apparatus  data  Is  constant  throughout  this  per¬ 
formance  range.  Thus,  the  validity  and  usefulness  of  the  rotor  studies  Is  confirmed. 

An  antlfoullng  topcoat  containing  cupric  hydroxide  toxicant  appears  Interesting 
because  of  its  excellent  performance,  However,  this  shipbottom  coating  possesses  a  problea 
of  fouling  In  the  first  few  exposure  months.  Performance  of  the  coating  was  excellent 
after  this  early  fouling  was  sloughed. 

Three  anticorrosive  midcoats  appear  to  have  Improved  the  performance  of  the  Type 
121  Vinyl-Rosin  topcoat.  These  three  systems  contain  (1)  epoxy-coal  tar,  (2)  self-cured 
zinc  silicate,  and  (3)  postcured  zinc  silicate.  All  three  systems  are  performing  somewhat 
better  than  the  control  system  which  contains  vinyl-red  lead  anticorrosive. 

Key  Words:  Marine  Coating  Systems;  Antlfoullng  Coatings;  Toxicants  for 

Antlfoullng  Costings;  Organometalllc  Toxicants;  Marine  Anticorrosive 

Coatings;  Rotor  Apparatus;  Accelerated  Evaluation  of  Marine  Coating 

Systems. 
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1.  INTRODUCTION 


Recent  Improvements  in  aids  to  navigation  have  Increased  the  demands  for  longer 
life  antifouling  and  anticorrosive  coatings.  The  paramount  need  is  understood  to  be  for 
longer-lived  antlfoullng  paints. 

In  1963,  Battelle  conducted  a  survey  of  the  U.  S.  Coast  Guard's  buoy -maintenance 
problem,  giving  major  emphasis  to  protective  coatings.  This  study  culminated  in  a  state- 
of-the-art  report  concerning  the  prevention  of  deterioration  of  navigational  buoys. 

As  a  logical  extension  of  this  early  work,  the  present  study  was  drafted  for 
evaluating  newer  coating  systems  for  ships  and  offshore  structures  as  well  as  for  buoys. 

It  was  decided  that  the  studies  should  be  limited  Initially  to  test  panels,  the  objective 
being  to  recognize  longer-lived  paint  systems  among  the  new  developments. 

The  Coast  Guard  desires  to  obtain  coatings  having  a  S-year  life  so  that  the 
present  2  to  3-year  maintenance  cycle  can  be  extended.  This  places  a  severe  requirement 
on  the  antlfoullng  part  of  the  organic  coating  systems.  Consequently,  the  research  program 
was  centered  around  antlfoullng  coatings,  although  it  also  Included  new  approaches  to 
obtaining  longer  protection  against  corrosion. 

The  objective  of  this  program  has  been  the  (1)  evaluation  of  selected  coating 
systems  believed  to  have  a  high  potential  for  long-term  protection  of  ships,  buoys,  and 
offshore  structures  and  (2)  Identification  of  those  coatings  that  most  nearly  meet  the 
Coast  Guard's  requirements  for  a  S-year  protective  system. 


2.  EXPERIMENTAL  STUDIES 


Eighteen  complete  marine  coating  systems  of  pretreatment,  anticorrosive  primer, 
and  antlfoullng  topcoat  were  selected  as  candidate  materials.  These  Bystems  were  applied 
to  either  steel,  aluminum,  or  fiberglass  panels  and  then  examined  for  long-term  potential 
In  providing  protection  to  underwater  areas  of  ships,  buoys,  and  offshore  steel  structures. 
Sixteen  systems  were  placed  on  static,  raft-type  i-rtersion  and  two  additional  systems  were 
added  to  the  series  for  study  on  a  specially-designed  rotor  apparatus.  The  rotor  study 
offers  an  accelerated  procedure  for  evaluating  coating  systems  for  buoys  and  also  offers  a 
simulated-service  procedure  for  evaluating  coatings  for  jhlps. 

Panel  Preparation 

Steel  panels  used  In  the  study  were  cut  from  1/8-lnch  hot-rolled  stock  to  a 
panel  size  of  6  x  12  Inches.  All  edges  were  well-rounded  to  remove  any  roughness  that 
aright  adversely  affect  the  performance  of  the  paint  systems.  The  panels  were  sandblasted 
to  white  metal  SSPC  No.  6  and  Immediately  spray-coated  with  pretreatment  (e.g. ,  O.S  mil, 
dry.  Formula  117  wash  primer)  or  appropriate  primer  as  noted  below. 

Aluminum  panels  were  cut  from  marine  grade  Series  6061  to  a  size  of 
6  x  12  x  0.125  Inches.  The  panels  were  edge-sanded  similar  to  the  steel  panels  above. 

Fiberglass  panels  were  cut  from  sheet  stock  of  0.635  cm  thickness.  The  glossy 
surface  was  scuff-sanded  before  the  application  of  coatings. 

Painting  Procedure 

All  paints  were  spray-applied  to  the  panel  face  to  conform  to  the  desired  dry- 
film  thickness.  In  addition  to  coating  the  panel  face,  all  panels  were  also  backed  and 
edged  according  to  the  above  procedure. 

All  panels  were  marked  for  Identification  by  stamping  a  1/2-lnch  number  Into 
the  upper  right  corner  of  the  panel  front.  The  finished  panels  were  further  Identified 
on  the  back  with  6-lnch  numbers,  using  Type  129/63  black  antlfoullng  paint. 
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Static  Seawater  Immersion  Studies 


The  static  raft-type  exposures  were  conducted  at  the  Florida  Marine  Research 
Facility  of  Battelle's  Columbus  Laboratories  near  Daytona  Beach.  Duplicate  panels  of 
each  coating  system  were  secured  In  standard  exposure  racks  by  narrow  strips  across  the 
6-lnch  ends  of  each  panel.  The  panels  were  placed  In  the  ocean  with  the  panel  surface 
parallel  to  the  direction  of  tidal  currents.  The  duplicate  panels  were  mounted  on 
different  exposure  racks  to  obtain  a  truer  picture  of  each  coating  system's  potential. 
Blank  control  panels  were  used  throughout  the  program.  These  were  uncoated  6  x  12-lnch 
Masonite  panels  which  were  either  (1)  exposed  during  entire  period  (l.e.,  placed  on 
exposure  at  the  same  time  as  the  painted  panels)  or  (2)  periodic  controls  (new  panels 
each  season  to  observe  the  presence  and  character  of  the  fouling  community). 

To  date,  the  panels  have  been  Inspected  after  3,  6,  9,  12,  and  22  months,  and 
have  been  examined  for  blistering,  checking,  cracking,  or  peeling  of  the  coatings  and  for 
corrosion.  Antifouling  performance  was  rated  with  respect  to  total  fouling  and  in  terms 
of  specific  types  of  fouling  (barnacles,  mollusks,  annelids,  filamentous  and  encrusting 
bryozoa,  hydrolds,  and  algae).  Color  photographs  were  taken  for  recording  coating  per¬ 
formance. 


Accelerated,  Simulated-Service  Exposure  Studies 

A  test  procedure  for  evaluating  antifouling  properties  was  desired  which  would 
(1)  be  conducted  In  a  natural  seawater  environment;  (2)  simulate  actual  ship  service 
conditions;  and  (3)  accelerate  the  breakdown  of  coatings  for  buoys  and  navigational  aids. 
To  avoid  an  artificial  laboratory  environment,  a  rotor  apparatus  was  constructed  which 
allowed  the  coated  panels  to  be  Immersed  In  seawater  and  be  quickly  depleted  of  toxicant 
by  rotating  them  at  speeds  comparable  to  those  of  ships.  This  was  accomplished  by  mounting 
6  x  6-lnch  curved  panels  on  a  plastic  drum  which  was  3  feet  In  diameter.  After  placement 
in  the  ocean,  the  drum  was  spun  at  speeds  up  to  22  knots  for  a  period  of  four  weeks.  After 
this  time,  the  rotor  apparatus  was  shut  down  and  was  left  on  static- immersion  for  another 
four  weeks  to  permit  the  establishment  of  a  fouling  community  on  panels  deficient  In  toxi¬ 
cant.  This  procedure  of  one  month  spinning  and  one  month  resting  was  considered  one  cycle. 
Complete  Inspections  were  made  after  1,  3,  and  5  cycles. 

Coating  Systems 

Complete  descriptions  of  the  eighteen  marine  coating  systems  comprising  this 
study  are  listed  In  Table  1,  appended.  A  brief  notation  of  the  important  features  of  each 
system  follows. 


System  No, 


Descriptive  Feature 


1. 


Type  121  Standard  Vlnyl-Rosln 
control 


2. 


Type  121/63  Vinyl-High  Rosin 
control 


3.  Polyester-flake  glass  anticorrosive, 

Type  121  antifoul 

4.  Self  cure  zinc  silicate,  high-build 

vinyl.  Type  121  antifoul 

5.  Postcure  zir.c  silicate,  high-build 

vinyl.  Type  121  antifoul 

6.  Organolead-modified 

Type  121  antifoul 

7.  Cupric  hydroxide  antifoul 
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System  No. 


Descriptive  Feature 


Epoxy  anticorrosive, 
rosln-flsh  oil  antifoul 

Epoxy  anticorrosive, 

Type  121  anti  foul 

Chlorinated  rubber  primer, 
midcoat,  and  anti  foul 

Epoxy  primer, 

epoxy-coal  tar  anticorrosive, 

Type  121  antifoul 

Epoxy  primer, 

epoxy-coal  tar  anticorrosive, 
epoxy-coal  tar  antifoul 

Epoxy  primer, 

epoxy-coal  tar  anticorrosive, 
rosln-flsh  oil  antifoul 

Vinyl~rosln  with  organotln  (TBTF) 
antifoul  on  aluolnum  substrate 

Vinyl-rosin  with  organotln  (TBTF) 
antifoul  on  fiberglass  substrata 

Flame-sprayed  aluminum  pretreatment, 
vinyl  primer, 

vlnyl-rosln  with  organotln  (TBTF) 
anti foul 

Elastomeric  sheet  with 
organotln  antifoul 

Vinyl  with  high  loading  of 
lead  pigment. 

Type  121  antifoul 


Performance  of  Coating  Systems 


The  two  control  coating  systems  (Nos.  1  and  2)  were  selected  because  of  their 
known  perfonaance  records  and  because  of  their  current  wide  usage.  After  five  cycles  on 
the  rotor  apparatus  and  22  months  of  static  Immersion,  the  performance  of  these  two  controls 
and  that  of  the  other  16  coating  systems  can  be  divided  Into  four  groups. 

Group  1  contains  four  coating  systems  which  contain  essentially  no  corrosion  or 
fouling  after  5  rotor  cycles  and  22  months  of  static  Immersion.  That  Is,  on  an  overall 
rating  scale  of  0  -  10  where  10  ■  perfect,  all  ratings  have  been  at  least  10-.  These 
systems  were  rated  as  follows. 
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Systems  lUt«d  as  Outstanding 


Coating  System 
No. 


Ovarall  Performance  Rating*  After 
eg  Montha  Static  Immersion 
3  5  1  6  9  22 


I4TM 


14 

10 

10 

10 

10 

10 

10 

10 

15 

10 

10 

10- 

10 

10 

10 

10 

17 

10- 

10- 

10 

(not  evaluated) 

2 

10 

10- 

10- 

10 

10- 

10- 

10 

The  performance  of  system  No.  14  (vlnyl-roaln  with  TBTF  organotln  antifoul  on 
alumlnun  aubatrata)  la  outetandlng.  Thla  la  eapedally  algnlflcant  whan  conaldering  lta 
performance  after  5  rotor  cydea.  It  will  be  aeen  below  that  the  rotor  ratlnga  consls- 
tently  project  reliable  performance  pattema  on  an  accelerated  baala  compared  to  the 
atatlc  teata. 


The  other  three  ayatems  In  thla  group  are  No.  15  (vlnyl-roaln  with  TBTF  organotln 
antifoul  on  flberglaaa  aubatrata),  No.  17  (elaatomeric  aheet  with  organotln),  and  No.  2 
(Type  121/63  control).  The  performance  of  theaa  three  ayatema  can  alao  be  con8idered 
outatandlng,  but  with  the  reservation  that  trace  fouling  has  been  observed  In  the  rotor 
study.  Two  observatlona  relative  to  the  performance  of  this  premium  group  are  noteworthy. 
First,  the  outstanding  performance  of  No.  14  la  validated  by  that  of  No.  15  which  contains 
the  same  antifouling  topcoat.  Second,  It  la  encouraging  to  find  the  performance  of  the 
Type  121/63  control  meeting  Its  expected  potential.  This  performance  and  that  of  the  Type 
121  control,  below,  tend  to  validate  the  results  of  the  entire  study. 


Group  2  contains  five  coating  systems  which  have  demonstrated  only  slight  amounts 
of  fouling.  Their  collective  performance,  as  shown  below,  must  be  considered  excellent. 


Systems  Rated 


Excellent 


Coating  System 
No. 


Overall  Performance  Ratings  After 
cles  Months  Static  Immersion 


Description 


11 

epoxy-coal  tar / 

Type  121 

10 

10 

10- 

10- 

9 

10- 

10 

4 

self  cure  zinc 
slllcate/Type  121 

10 

8 

10- 

10- 

9 

10- 

10- 

5 

postcure  zinc 

slllcate/Type  121 

10 

8 

10- 

10- 

9 

10- 

10- 

7 

cupric  hydroxide 
antifoul 

10 

8 

10- 

4 

9 

10- 

10- 

16 

flame  sprayed 

10 

10 

10 

9+ 

9+ 

8 

3 

aluminum/ vlny 1- roa in 
with  organotln 


The  anticorrosive  components  In  system  Nos.  11,  4,  and  5  appear  >  >  be  Improving 
the  performance  of  the  Type  121  topcoat  over  that  of  the  control  which  contains  the 
specification  vinyl-red  lead  barrier  coat.  It  will  be  of  Interest  to  compare  the  perform¬ 
ance  of  the  systems  containing  self  cure  and  postcure  Inorganic  zinc  antlcorroalvcs  as 
they  fall  Into  their  respective  fouling  patterns  during  the  coming  months. 


System  No.  16  contains  the  same  antitoul  ing  topcoat  as  Nos.  14  and  15  which  were 
rated  outstanding  above.  The  static  iiwersi.m  panels  for  system  No.  16  were  observed  to 
contain  Increasing  amounts  of  peeling  and  edge  corrosion  at  the  3,  6,  and  9  month 
Inspections  and  severe  fouling  was  present  after  22  months.  Since  the  rotor  panel  was 
consistently  rated  perfect  (10),  It  is  logical  to  assume  that  (1)  some  problem  or  error  in 
application  occurred  with  the  static  panels,  and  (2)  the  outstanding  performance  of  the 
vinyl-rosin  topcoat  with  organotin  Is  further  substantiated. 

The  performance  of  the  coating  containing  the  uprtc  hydroxide  toxicant  (No.  7) 

Is  extremely  Interesting.  Cu (OH) Is  less  .-.oluble  In  seawater  than  Cu2<)  and  it  could  be 
assumed  that  It  would  provide  little  Initial  fouling  protection  during  the  first  months  of 
Immersion.  This  Is  verified  by  the  3  month  static  rating  of  "4".  After  an  effective 
leaching  rate  or  concentration  of  toxicant  was  present,  the  paint  sloughed  the  initial 
fouling  and  quickly  Improved  to  an  impressive  pertormance  level.  Contrary  to  this  pattern, 
the  rotor  panel  of  the  Cu(0H)2  paint  had  undoubtedly  leached  sufticient  toxicant  after  one 
month  of  spinning  to  maintain  a  perfect  performance  rating  throughout  the  study.  At  this 
point  In  time,  antifouling  topcoat  with  Cu(OH)2  toxicant  appears  Interesting.  If  Its 
excellent  performance  continues,  it  will  he  worthwhile  to  refine  the  formulation  by  formu¬ 
lating  for  an  added  measure  of  Initial  protection  from  a  second  toxicant. 

Croup  3  contains  seven  coating  systems  which  are  demonstrating  definite  fouling 
patterns  and  which  have  been  rated  "very  good"  to  "poor".  Of  lnturest  In  this  group  Is 
the  comparison  of  the  accelerated  (rotor)  and  normal  (static)  performance  ratings.  In 
each  of  these  seven  systems  there  is  a  good  correlation  between  data  from  the  two  Immersion 
studies.  This  correlation  confirms  the  usefulness  of  the  rotor  study. 

Four  of  these  seven  systems  must  still  l>e  considered  as  "very  good"  in  overall 
performance.  However,  data  from  the  accelerated  exposure  (rotor)  study  Indicate  that  all 
of  these  four  systems  will  be  accumulating  fouling  sooner  than  will  the  systems  discussed 
above  In  Groups  1  and  2. 

These  four  systems  are  as  follows: 


COATING  SYSTEM  NO  9 

(Epoxy  Barrier  Coat  under  Type  121) 

Although  the  Type  121  antifouling  topcoat  Is  performing  as  well  as  should  be  expected,  the 
combination  of  It  with  the  epoxy  barrier  coat  Is  apparently  not  equal  to  the  performance 
of  system  Nos.  11,  4,  and  5,  above. 
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0  2  4  6  8  10  12  14  16  IS  20  22 

(I cycle)  (3cycle)  (5cycle) 

Months  Exposure 
COATING  SYSTEM  NO.  I 

(Type  121,  Vinyl-Rosin  Control) 

This  control  specification  system  Is  also  performing  according  to  expectations 
The  fact  that  this  Type  121  control  Is  performing  slightly  poorer  than  the  Type  121/63 
control  (Ho.  2),  above.  Is  another  reliable  Index  to  the  validity  of  the  overall  study. 


0  2  4  6  8  10  12  14  16 

(I cycle)  (3cydes)  (5 cycles) 

Months  Exposure 
COATING  SYSTEM  NO.  3 

(Polyester-Flake  Glass/Type  121) 


It  should  be  emphasised  tbit  the  above  accelerated  rating  of  "6"  only  expresses  topcoat 
fouling  and  does  not  In  .cate  the  potential  of  the  underlying  anticorrosive  barrier  coat 


(I cycle)  (3cycle)  (5 cycle) 

Months  Exposure 
COATING  SYSTEM  NO.  6 

(Organolead-Modifled  Type  121) 

The  performance  of  Chla  aystem  la  allghtly  poorar  than  was  expactad.  It  will  ba 
lntarasting  to  obsarva  whathar  tha  coating  will  Improve  and  ultimately  out-perform  the 
control  paints  or,  as  these  rotor  data  nw  Indicate,  will  fall  short  of  tha  performance 
of  tha  controls. 

Tha  remaining  threa  systems  In  this  group  of  seven  have  all  failed  In  the 
static  Immersion  study.  Each  of  these  failures  was  correctly  forecasted  by  rotor  data 
obtained  early  In  the  program. 


(I cycle)  (3cycles)  (5 cycles) 


Months  Exposure 
COATING  SYSTEM  NO.  12 

(Epoxy-Coal  Tar  Barrier  and  Antifoul) 
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10 


(Icycle)  (3cycles)  (5cycles) 

Months  Exposure 

COATING  SYSTEM  NO.  8 

J  (Epoxy /Roe  in-Fish  Oil  Antifoul) 

I 

i 

> 


(Icycle  (3  cycle) 

Months  Exposure 
COATING  SYSTEM  NO.  10 

(Complete  Chlorinated  Rubber  Syateo) 

The  final  two  coating  systems  (Group  4)  failed  soon  after  being  placed  on 
Immersion.  These  two  are  aa  follows. 


! 

I 
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Coating  Systems  Rated  as  Early  Failures 


Overall 

Performance  Ratings  After 

Coating  System 

Rotor  Cycles 

Months  Static  Immersion 

No. 

Description 

1 _ 

3 

5 

3  6  9  22 

13 

epoxy-coal  tar/ 
rosin- fish  oil 

10 

0 

0 

0  0  0  0 

18 

lead-pigmented 
vlnyl/Type  121 

10 

0 

0 

(not  evaluated) 

No  raasons  are  apparent  for  the  poor  performance  of  these  two  coating  systems 
In  this  program. 


3.  SUMMARY  AND  CONCLUSIONS 


After  S  rotor  cycles  of  dynamic  exposure  and  22  months  of  static  exposure  in 
natural  seawater,  the  performance  of  four  of  eighteen  coating  systems  has  been  rated 
outstanding.  The  performance  of  another  five  coating  systems  has  been  rated  excellent. 

Many  of  these  nine  systems  show  promise  of  meeting  the  goal  of  a  service  life  of  3-5  years. 

During  the  exposure  period  of  this  study,  the  performance  of  a  proprietary  vinyl- 
rosln  type  antifouling  coating  with  TBTF  organotln  toxicant  was  rated  as  best  within  this 
premium  group,  regardless  of  substrate,  primer,  or  anticorrosive.  Longer  exposure  times 
are  necessary  to  verify  these  results .  When  applied  over  a  wash  primer  on  6061  aluminum 
(system  No,  14),  performance  was  rated  as  the  best  of  the  18  systems.  When  applied  over 
a  special  prlawr  on  scuff-sanded  fiberglass  (system  No.  15),  performance  was  rated  as  the 
second  best  of  the  18  systems.  When  applied  over  a  system  of  flame-sprayed  aluminum/ 
vinyl  primar/clear  sealer  (system  No.  16),  performance  was  perfect  on  the  rotor  apparatus. 
The  static  panels  failed  by  edge  peeling  and  corrosion  Indicating  faulty  preparation  or 
mechanical  damage.  Other  materials  whose  performance  has  indicated  outstanding  anti¬ 
fouling  properties  are  (1)  a  proprietary  elastomeric  sheet  containing  an  organotln  toxi¬ 
cant  and  (2)  the  Type  121/63  Vinyl-High  Rosin  control  containing  14.4  pounds  per  gallon 
of  cuprous  oxide  toxicant. 

The  Type  121  standard  Vinyl-Rosin  topcoat  with  8  pounds  per  gallon  of  cuprous 
oxide  toxicant  was  applied  over  five  anticorrosive  barrier  coatings.  None  of  these 
systems  have  performed  as  well  as  the  nine  premium  systems  above.  The  performance  of  the 
Type  121  *ntlfoullng  over  an  epoxy  anticorrosive  (system  No.  9)  was  similar  to  that  of 
the  control  which  contains  vinyl-red  lead  anticorrosive  (system  No.  1).  Superior  to  both 
of  these  has  been  the  performance  of  the  Type  121  topcoat  over  (a)  epoxy-coal  tar, 

(b)  self-cure  zinc  silicate,  and  (c)  postcure  zinc  silicate  anticorrosive  coatings 
(system  Nos.  11,  4,  and  5,  respectively).  From  this,  It  can  be  concluded  that  the 
performance  of  the  vinyl-rosin  antifouling  topcoat  can  be  upgraded  by  the  proper  selection 
of  anticorrosive  barrier  coating. 

The  antifouling  topcoat  containing  cupric  hydroxide  toxicant  appears  to  have 
potential  In  long-lived  marine  protective  coating  systems.  However,  a  problem  of  poor 
Initial  fouling  resistance  is  associated  with  this  material.  Both  the  good  performance 
and  the  problem  of  early  fouling  appear  to  be  related  to  the  limited  solubility  of 
Cu(OH)2  in  seawater. 

Another  group  of  seven  coating  systems  Is  now  shewing  definite  fouling  patterns 
and  their  performances  have  been  rated  from  "very  good"  to  "poor".  The  performance 
ratings  of  all  of  these  systems  show  a  definite  correlation  between  static  and  accelerated 
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(rotor  apparatua)  lanaralon  data.  Tha  validity  and  tha  uaafulnaaa  of  tha  rotor  atjdlea 
In  pradlctlng  tha  axpactad  aarvica  Ufa  of  marina  coatlnga  la  conflrmad  by  thaaa  data. 

It  la  fait  that  tha  biggeat  advantaga  for  thla  raaaarch  tool  la  tha  almulatlon  of  actual 
aarvica  condltlona  alnca  tha  taat  procadura  la  conductad  In  natural  aaavatar. 
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TABLE  1.  EXPERIMENTAL  AND  CONTROL  MARINE  COATING  SYSTEMS 


Coating 

System 

Number'*) 

Pratraatment 

Primer  or  Antlcorroalve 

Anti fouling  Topcoat 

1 

MIL-P-15328B 
(Formula  117 

Wash  Primar) (b) 

0.3  mil — 1  coat 

MIL-P-15929B 

Formula  119,  Vinyl  Red 
Lead,  7  mile  In 

4  coats 

Type  121  Vinyl-Rosin, 

MIL-P-15931A 

(3  mils,  2  coats  of 

1.5  mils  each) 

2 

MIL-P-15328B 
(Formula  117 

Wash  Primer) (b) 

0.5  mil — 1  coat 

MIL-P-15929B 

Formula  119,  Vinyl  Red 
Lead,  7  mils  in 

4  coats 

Type  121/63  Vinyl-High 
Rosin,  MIL-P-15931B 
(3  mils,  2  coats  of 

1.5  mils  each) 

3 

None 

Polyester  Glass  Flake 

30  -32  mils — 1  coat 

Type  121 

(4.5  mils,  3  coats  of 

1.5  mils  each) 

4 

None 

(1)  Self-cure  Zinc 

Silicate 

3  mils — 1  coat 

(2)  Primer-Tie  Coat 

1.5  mlls~l  coat 

(3)  Vinyl  High  Build 

4  mils— 1  coat 

Type  121 

(3  mils,  2  coats  of 

1.5  mils  each) 

5 

Nona 

(1)  Poatcure  Zinc 

Silicate 

2.5  mils— 1  coat 

(2)  Tie  Coat 

(3)  Vinyl  High  Build 

4  mils— 1  coat 

Type  121 

(3  mils,  2  coats  of 

1.5  mils  each) 

6 

MIL-P-15328B 
(Formula  117 

Waah  Primar) 'b' 

0.3  mil — 1  coat 

Formula  119,  Vinyl  Red 
Lead,  7  mils  in  4  coats 

Similar  to  Type  121 
(Cu20/Organolead'c'-2/l) 

(3  tails,  2  coats  of 

1.5  mils  each) 

7 

Proprietary  Waah 

0.5  mil — 1  coat 

Anticorrosive  Barrier 

Coat,  8-9  isils,  3  coats 
of  3  mils  each 

Proprietary  Cupric 
Hydroxide  Antlfoullng 

Faint  (3  mile,  2  coats 
of  1.5  mils  each) 

1016 
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TABU  1.  (Continued) 


Coating 

Syatea 

Nunbar'*^ 

Pratreataent 

Prlaar  or  Antlcorroalva 

Antlfoullng  Topcoat 

8 

Nona 

(1)  Epoxy  Antlcorroalva 
(2  alia — 1  coat) 

(2)  Epoxy  Antlcorroalva 
Intaraadlata 

(4  alia,  2  coata  of 

2  alia  aach) 

Type  105  Cold  Plaatlc 
(3  alia,  2  coats  of 

1.5  alia  aach) 

9 

Nona 

(1)  Epoxy  Antlcorroalva 
(2  alia — 1  coat) 

(2)  Epoxy  Antlcorroalva 
Intaraadlata 

(4  alia i  2  coata  of 

2  mils  aach) 

Type  121 

(3  mils,  2  coats  of 

1.5  mils  aach) 

10 

Nona 

(1)  Chlorinated  Rubber 
Prlaar 

(3-4  mil* — 1  coat) 

(2)  Midcoat 

(5-6  alia — 1  coat) 

Proprietary  Chlorinated 
Rubber 

(2-3  mils — 1  coat) 

U 

Nona 

(1)  Epoxy  Prlaar 
(0.5  all — l  coat) 

(2)  Coal  Tar-Epoxy 
Intaraadlata 

(6  alia — 1  coat) 

Type  121 

(3  alls,  2  coats  of 

1.5  sills  aach) 

12 

Nona 

(1)  Epoxy  Prlaar 
(0.5  all— 1  coat) 

(2)  Coal  Tar-Epoxy 
Intaraadlata 

(6  alia — 1  coat) 

Proprietary  Epoxy-Coal 

Tar  Anti foul 
(12  alls~l  coat) 

13 

Nona 

(1)  Epoxy  Prlaar 
(0.5  all— 1  coat) 

(2)  Coal  Tar-Epoxy 
Intaraadlata 

(6  mile — 1  coat) 

Type  105  Cold  Plastic 
(3  mils,  2  coats  of 

1,5  adls  aach) 

14 

(Aluai- 
nua  6061 
Panal) 

HIL-P-15328B 
(Foraula  117 

Uaah  Prlaar'®' 

0.3  mil — 1  coat 

None 

Proprietary  Organotln 

Anti foul 

(3  alls,  2  coats  of 

1.5  tails  each) 
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TABLE  1.  (Continued) 


Coating 

System 

Number'*' 

Pretreatment 

Primer  or  Anticorrosive 

Antifoullna  Topcoat 

15 

(Poly- 

ester- 

fiber- 

glass 

Panel) 

Scuff  Sanding 

Proprietary  Primer 
for  Fiberglass 

Proprietary  Organotln 
Antifoul 

(3  mils,  2  coats  of 

1.5  mils  each) 

16 

Flame-Sprayed 
Aluminum — 3  mils 

(1)  Vinyl  Primer 

(1  mll~l  coat) 

(2)  Clear  Sealer 

(2  mils — 2  coats) 

Proprietary  Organotln 
Antifoul 

(3  mils,  2  coats  of 

1.5  mils  each) 

l7(d) 

None 

Proprietary  Adhesive 

System 

(1)  Adhesive 

(2)  Tiecoat 

(3)  Adhesive 

Elastomeric  Sheet 
(1  layer — 80  mils) 

18<d> 

MIL-P-15328B 
(Formula  117 

Hash  Primer'“' 

0.5  mil— 1  coat 

(1)  Formula  119  Vinyl, 

Red  Lead 

(2)  High  Build  Vinyl 
with  High  Loading 
of  Lead  Pigment 
(6  mils,  2  coats 
of  3  mils  each) 

Type  121 

(3  mils,  2  coats  of 

1.5  mils  each) 

(a)  Panels  for  atatlc  immersion  studies  are  6  x  12  x  0.125  Inches;  panels  for  rotor 
apparatus  immersion  studies  are  6  x  6  x  0.062  lnchas.  All  metal  panels  are 
sandblasted  to  white  metal. 


(b)  Film  thickness  measured  on  smooth  surface  sprayed  alongside  the  blasted  panels. 

(c)  Trlphenyllead  acetate.  Toxicant  loading  is  CUjO  and  TPLA,  4  and  2  pounds  per 
gallon,  respectively. 

(d)  Coating  Systems  evaluated  on  rotor  apparatus  only. 
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Discussion 


Question;  On  these  test  panels,  you  get  a  coating  of  fine  sediment  after 
you  expose  it  for  a  long  time.  Does  this  fine  sediment  over  these  panels 
have  anything  to  do  with  antifouling? 

Dick:  The  sediment  that  you  are  seeing  is  basically  mud.  We  took  a  bucket 
of  sea  water  and  washed  it  off.  Sometimes  we'll  take  a  swipe  right  through 
the  middle  of  the  panel  with  a  very  light  brush  and  most  of  it  comes  off. 

I  am  not  discounting  the  fouling  succession  establishment  of  the  community 
through  slime  and  bacteria  and  soft-fouling,  etc.  I  think  it  is  probably 
a  combination  of  both. 

De  La  Coure:  You  indicated  you  coul '  improve  the  anti-fouling  paint  by 
changing  the  anti-corrosive  primer,  From  a  fouling  point  of  view,  this  is 
not  understandable,  except  for  loss  of  adhesion  and  other  similar  phenomena. 
Can  you  amplify  this?  For  a  cuprous  oxide  paint,  the  chlorine  content  of 
the  sea  water  is  very  important.  Did  you  make  chlorine  measurements? 

Dick:  No.  I  do  not  have  chlorine  data.  However,  I  can  get  it  for  you.  I 
cannot  explain  why  anti-corrosive  primers  affect  performance.  We  know 
that  if  we  put  some  top  coats  over  old  established  films  versus  freshly 
applied  fiimr-,  there  is  a  difference  in  leaching  rates  of  the  top  coats. 

So  it  is  possible  that  a  superior  anti-corrosive  coating  might  upgrade 
performance  or  affect  the  leaching  rate  of  the  antifouling  paint.  I  wish 
I  could  tell  you  why,  but  I  really  don't  know.  I  am  just  reporting  the 
information . 

Birnbaum:  I  have  the  same  doubts  about  reported  differences.  I  would 

prefer  to  see  some  more  replicates.  My  experience  with  natural  sea  water 
exposures  show  appreciable  variation  in  results.  With  respect  to  poor 
performance  of  formula  10 5  on  the  rotor  test,  this  would  be  expected. 
Although  formula  105  test  panels  perform  well  for  as  much  as  two  or  three 
years  in  Miami,  it  does  not  last  more  thar.  a  year  on  a  ship.  I  think  the 
reason  is  that  formula  105  is  a  soft  film  which  erodes  and  leaches  very 
rapidly.  I  believe  considerably  more  data  must  be  collected  for  correlation 
between  rotor  tests  and  predictability  of  ship  performance.  I  do  feel 
that  rotor  test  data  is  valuable  because  it  simulates  ships  in  motion. 

Question:  I  just  want  to  make  one  more  remark  from  a  theoretical  point  of 
view.  It  is  only  sensible  to  do  rotor  testing  because  the  flow  of  the 
sea  water  along  the  paint  surface  on  a  raft  is  very  low.  Thus  the  diffusion 
of  the  cuprous  oxide  is  determined  by  the  laminal  layer  on  the  surface 
of  the  paint  and  on  a  ship  that  laminal  layer  is  turbulent. 

Christie:  To  what  extent  are  algae  present  at  your  test  site? 

Dick:  Very  limited  because  if  you  have  a  strong  hard  fouling  community, 
you  do  not  have  soft  fouling  which  is  more  prevalent  in  cooler  waters. 

Christie:  We  find  that  in  general  algae  xouling  is  more  difficult  to 
control  than  the  hard  fouling. 

Dick:  In  proceeding  to  the  second  step  of  this  study,  we  would  make 
comparable  exposures  in  cooler  waters  at  Doxbury,  Mass.,  perhaps  Long 
Beach,  California.  We  have  many  exposure  stations.  These  were  only 
conducted  at  Daytona  in  the  sub-tropical. 

Birnbaum:  How  far  below  the  surface  were  the  rotor  panels  exposed? 

Dick:  About  two  feet.  All  that  we  are  doing  is  depleting  toxicant.  We 
are  trying  to  get  it  out  as  quickly  as  possible  so  I  do  not  think  that 
depth  is  going  to  be  important  as  long  as  they  stay  wet. 
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Crisp:  The  problem  of  the  interaction  of  the  anti -corrosive  and  the  anti¬ 
fouling  coat  can  be  overcome  if  you  put  your  anti-fouling  directly  onto 
a  non-corrosive  material  like  phenolforaaldahyde.  This  enables  you  to  tell 
especially  in  comparison  between  a  system  based  on  anti-corrosives  whether 
or  not  your  failure  is  due  primarily  to  the  corrosion  failure  or  to  the 
fouling  failure. 

Kuhns:  You  pointed  out  the  good  performance  of  the  paint  containing  organic 
tin  compounds.  It  is  said  that  they  are  susceptible  to  ultra-violet 
radiation.  Have  you  any  evidence  that  ultra-violet  radiation  could  affect 
this  performance? 

Dick:  Ultra-violet  falls  off  quickly  as  a  function  of  depth.  I  do  not 
think  it  is  applicable  in  this  circumstance  at  least  to  the  point  where 
it  would  affect  the  results  of  the  study.  I  do  not  have  specific  information, 
but  I  do  not  think  it  would  be  germane. 

Smith:  Paint  technologists  have  two  problems.  One  is  to  test  AP's  and 
one  is  to  test  anti-corrosives.  While  your  method  I  think  is  very  good 
for  anti-fouling,  one  of  the  major  problems  in  the  coating  field  to  my 
mind  is  an  accelerated  test  for  anti -corrosive  paints.  Could  I  have  your 
comments  on  how  far  you  think  this  method  does  provide  really  good  data 
on  high  performance  or  the  differences  in  performance  on  high  performance 
anti-corrosive  systems? 

Dick:  If  you  would  allow  me  the  assumption  that  you  can  test  anti¬ 
corrosives  without  an  anti-fouling  on  them  and  I  am  not  really  convinced 
you  can,  then  I  would  say  putting  them  on  the  rotor  just  as  a  physical 
deterioration  mechanism  will  on  an  accelerated  basis  predict  the  life  of 
the  anti-corrosive  part  of  the  system.  But  as  I  say,  I  do  not  think  you 
can  legitimately  do  that.  You  have  to  have  that  anti-fouling  paint  on 
it  because  that  is  what  you  see  in  service. 

Smith:  I  agree  you  must  have  anti-fouling.  Say  you  wanted  to  compare 
vinyls  versus  epoxy  pitches  versus  urathane  pitches  as  anti-corrosives. 

Is  your  method  going  to  be  useful  if  you  topcoated  these  with  standard 
anti-fouling  and  thus  eliminated  the  AF  factor  that  way,  and  what  sort  of 
acceleration  factor  do  you  reckon  you  are  getting  for  the  anti-corrosive 
performance  alone? 

Dick:  No  accelerated  test  by  my  standards  is  ever  going  to  give  you  an  index, 
a  definite  index  to  performance.  Your  idea  of  using  one  standard  anti¬ 
fouling  certainly  is  legitimate  and  I  probably  would  buy  that  if  the  focus 
of  your  study  is  to  test  just  the  anti-corrosive.  In  this  study,  it  was 
to  test  the  entire  system  as  it  was  applied  to  a  navigational  device. 

Poretz:  You  stated  that  the  rotor  is  in  dynamic  action  for  a  month  and 
static  for  a  month.  I  would  presume  you  chose  this  sequence  because  of 
convenience.  Is  that  the  reason  or  did  you  have  any  other? 

Dick:  It  was  convenience. 

Poretz :  Now  if  you  leave  It  static  for  a  month  and  the  samples  are  very 
close  to  each  other,  you  are  going  to  get  some  sort  of  diffusion.  Do 
you  think  this  can  affect  results? 

Dick:  To  test  that,  I  made  an  initial  run  of  panels  with  little  windows 
in  with  no  anti-fouling  top  coat.  There  was  no  throwing  power  even  within 
one  panel  to  that  square  that  did  not  have  anti-fouling.  Therefore,  I 
think  it  is  legitimate  that  the  current  of  the  river  is  giving  it  a 
fresh  bath  constantly  and  that  there  is  no  complementary  action  from  one 
system  to  another. 
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Poreti:  That  is  what  I  was  concerned  with,  but  how  far  apart  wsre  your 
window  pansls? 

Dick:  The  rotor  pansls  ars  aids  by  aids. 

Poreti:  The  other  test  you  just  mentioned  to  test  diffusion? 

Dick:  Well,  they  ars  exposed  in  duplicate  on  different  racks  so  that  one 
might  be  in  one  bay,  its  duplicate  might  be  40  feet  away. 

Poreti:  But  they  were  not  subjected  to  the  dynamic  action  that  you  had 
on  each  of  the  panels.  It  is  not  the  same  condition— it  is  different. 

It  is  possible  that  you  might  get  different  results. 

Birnbaum:  Based  on  Navy  experience  over  the  past  twenty  years  we  have  come 
to  the  conclusion  that  if  you  take  static  panels  and  keep  them  at  least 
three  inches  apart  there  is  no  effect  on  adjacent  panels  with  cuprous 
oxide  containing  AT  paints.  However,  we  do  not  have  sufficient  data  on 
organo-metallic  containing  paints. 
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SUMMARY  OF  THE  CONGRESS 
by  Moniicur  V.  Romanovaky 
International  Chairman  for  the  Congrese 


and  Chairman  of  the  Permanent  International  Committee  for  Reaearch  on 
Preaervatlon  of  Materlala  In  the  Marine  Environment  (International 
aponaorlng  organization  for  theae  quadrennial  congreaaea). 

Monaleur  Romanovaky  kindly  agreed  to  aerve  aa  Rapporteur  Ceneral  for 
the  Third  International  Congreae  on  Marina  Corroelon  and  Fouling.  Hla 
summarizing  c omenta  are  found  on  the  pagea  which  follow. 
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Rapport  gAnAral  prononet  la  jeudi  5  octobra  1972 


par  V.  ROMANO VSKY 

PrAaident  du  CoaitA  Intarnational  Permanent 
pour  la  Racharcha  aur  la  PrAaarvation  daa  MatAriaux  an  Milieu  Marin 


Masaiaura  laa  PrAaident, 

Meadamea,  Maaaiaura, 


Contrairaaant  A  aon  habitude,  at  ja  voua  pria  da  a'an  excuaer,  ja 
feraia  appal  A  qualquaa  fauillaa  da  papier  pour  voua  parlar  ear  j'ai  au 
trAa  peu  da  taapa  pour  rAdigar  ca  rapport,  laa  derniArea  coaaunicationa 
viannant  tout  juata  a  prendre  fin. 

Ja  n'ai  pent  Ctra  paa  pu  aaaieiler  correctement  touted  laa  idAea 
qui  ont  AtA  Amiaea,  naie  j'aaaayerai  de  faire  da  aon  aiaux.  Ja  aollieita 
touta  votra  indulgence  an  ea  qui  conearna  1' imperfection  de  ee  rapport 
gAnAral. 

Toutaa  laa  eommunieationa  qua  j'ai  antanduaa  Ataiant  bonnaa, 
eartainaa  axeallentea.  Malheurauaement  ja  n'ai  paa  pu  laa  antandra 
toutaa  car  je  n'ai  paa  la  facultA  de  me  partagar  an  deux  pour  participar 
aux  travaux  da  deux  aallaa.  J'ai  AtA  aidA  par  maa  amia  Maaaieura  B. 
Callama  at  G.  Dechaux  qui  m'ont  apportA  daa  rAeumAa  at  leura  iapraaaiona 
gAnAralea.  Ja  tiena  A  laa  reaarcier  ici. 

Ja  na  me  propoaa  paa  d'analyaar  laa  diveraea  communication*,  ea 
aarait  trap  long,  trap  faetidiaux  at  ja  n'ai  paa  la  compAtence  pour  eala. 
Ja  me  contanterai  da  dAvelopper  qualquaa  idAaa,  d'indiquar  laa  tandancaa 
gAnAralea  qui  aa  aont  manifeatAee  au  coura  da  ea  CongrAe  at  da  mattra 
l'aecant  aur  laa  progrAa  qui  ont  AtA  rAalieAa  depuia  huit  ana,  e'eet-A- 
dire  dapuia  la  lar  CongrAa  da  Corroaion  Marina  at  daa  Saliaauraa  qui 
avait  AtA  organiaA  A  Cannaa  an  1964, 
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Pour  faeiliter  aon  axposd  at  na  paa  ddpasser  la  temps  qui  ra'a  dtd 
imparti,  ja  diviaarai  aon  rapport  an  daux  parties,  ralativaa  reapecti- 
vaaant  A  la  corroaion  at  aux  aaliaauras.  Laa  couleura  das  aallaa  formant 
doo  coulaura  compldmentairaa,  ja  panaa  qua  lea  travaux  qui  y  furent 
pourauivia  la  aont  auaai. 

Cn  ea  qui  concarna  la  corroaion.  il  faut  notar  qua  laa  racherches 
da  baaa  ont  fait  l'objat  da  nonbreueee  communications.  Dans  l'dtude  daa 
mdtaux,  laa  auteura  aa  aont  aurtout  attaches  A  celles  daa  alliagaa  do 
cuivra  at  daa  alliagaa  d'aluminium.  Au  coura  daa  adances,  daa  iddss 
nouvallaa  ont  apparu  at  daa  dispoaitifa  originaux  at  ingdnieux  ont  it* 
proposds.  Dana  la  thdoris  da  la  corrosion  sous  tension,  una  synth&se 
gdndrala  a  mime  pu  Ctra  dlaborda.  II  faut  notar  qua  depuia  le  darniar 
congr&s,  lea  progrds  dans  laa  racherches  fondamentalas  ont  ltd  tr As 
rapidas.  Noua  avona,  antra  autraa,  antandu  una  ramarquable  communication 
aur  la  cavitation  avac  d'axcellentaa  photographies  obtsnusa  au  microscope 
dlectronique  A  balayaga  da  champ.  Dana  le  domaine  da  la  protection 
cathodique,  ai  eertainaa  communications  n'ont  ltd  conaacrdaa  qu'A  daa 
observations  fragmantairaa,  d'autrae  trie  importantes  ont  abordd  daa 
iddaa  gdndralea  at  nous  ont  propoad  la  description  d'appareils  pratiques 
at  affieacaa. 

En  ca  qui  concarna  las  ravltementa,  on  pourrait  ddplorar  oue 
ralativament  peu  da  communications  ont  dtd  conaacrdaa  &  ca  sujet.  Nous 
avona  dcoutd  da  trda  bonnes  communications  A  caractdra  commercial,  maia 
nous  pourriona  ragrattar  qua  la  secret,  qui  a'y  attache  toujours,  laur 
enlAva  una  grande  partis  da  laur  portde  acientif ique. 

Laa  matdriaux  sent  appelds  A  travailler  an  mar  A  faibla,  moyanns 
ou  grande  profondaur,  aussi  avons-nous  antendu  da  trda  intdressantse 
communications  aur  lee  observations  rdaliadaa  dana  caa  milieux. 

II  y  aut  dgalemant  qualquas  communications  consacrdas  A  la  tanua 
du  bdton  dana  l'aau  da  mar  at  A  la  corrosion  daa  matdriaux  dans  laa 
installations  da  dessalement  ds  l'aau  da  mar. 
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Pour  tarminar  avac  la  aaction  da  la  corroaion  at  pour  raprandra 
l'obaarvation  d • un  eminent  confdrencier,  ja  diraia  qua  la  rocharcha  da 
baaa  aat,  aprde  ea  Congrda,  tria  avanca  aur  l'oxpdrimentation  at  aur 
laa  applications  pratiquaa. 

Dana  la  aaaaion  rdaarvde  aux  aaliaauraa.  on  a  baaucoup  parld 
dgalement  da  recherchea  fondaaantalaa,  naia  cellea-ci  ont  aouvant  dtd 
anvieagdaa  coaaa  davant  aboutir  d  daa  applicationa  pratiquaa  d  plun  ou 
aoina  longue  dchdanca. 

L'dtuda  du  procaaaua  da  fixation  daa  aaliaauraa,  at  aurtout  daa 
balanaa,  a  dtd  abordde  aoua  un  aapact  trla  aciantif iqua,  faiaant  appal 
k  daa  notiona  da  chimia  at  da  phyaiqua.  Caa  dtudaa  paraattront  cartaine- 
aant  un  Jour  d'amdliorar  laa  procddda  anti-aaliaauraa. 

En  dcologia  da  nombraux  docuaanta  ont  apporti  daa  connaiaaaneaa  aur 
la  repartition,  laa  pdriodaa  da  fixation  at  l'abondanca  daa  aaliaauraa, 
Coaaa  pour  la  corroaion,  la  doaaina  offshore  n'a  paa  dtd  oublid. 

Un  cartain  noabra  da  eoaaunicationa  da  trda  granda  valaur  a  dtd 
conaacrd  au  rflla  du  fila  priaaira.  Laa  aicrobiologiataa,  qui  noua  ont 
axpaad  laura  iddaa,  n'ont  paa  hdaitd  k  faira  appal  k  la  chiaia  at  alaa 
k  racherchar  daa  analogiaa  avac  ca  qui  aa  paaaa  dana  la  ailiau  aanguin. 

Dana  la  doawina  daa  parforanta,  noua  avona  pu  adairar  un  fila 
aagnifiqua  at  antandra  daa  axpoada  aur  laa  conditiona  d'attaqua  du  boia, 
aur  la  biologia  daa  tarata  at  aur  laur  repartition.  II  a'agit  Id  d'un 
probldaa  dont  l'intdrlt  no  pout  dchappar  d  poraonno. 

Cortaina  confdronciera  ont  propoad  daa  procddda  da  protaction 
contra  laa  aaliaauraa  aur  laa  cardnoa,  dana  laa  eonduitos  at  aur  laa 
atructuraa  iawargdaa. 

L'axaaen  daa  comaunicationa  da  la  aaaaion  daa  aaliaauraa  auggdro 
qualquaa  iddaa  gdndralaa  i 
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1.  Tris  grands  importance  daa  racharchaa  f ondamantalaa. 

2.  Utilisation  da  tachniquas  nouvsllsa  tallas,  par  axenpla,  la 
sieroscopa  flsctroniqua  b  balayaga  da  chaaip  ou  la  cinematographic 
■ieroacopiqua. 

3.  La  psu  ds  communications  conaacrbas  b  das  procbdba  nouvaaux  da 
protaction. 

4.  (.'importance  da  la  aicrobiologia  at  aaa  applications  b  la  fixation 

daa  saliaauras. 

••• 

* 

Si  l'on  examine  anfin  1st  riaultata  daa  travaux  da  l'ansamblo  da 
cs  Congrba,  on  paut  conatatar  qu'il  a  4t<  aurtout  calui  da  la  racharcha 
fondaaantals  aana  laqualla  nul  progrba  na  paut  Itra  rbaliab  dans  laa 
applications  pratiquaa.  On  ramarqus  ausai  qua  ralativemant  peu  da 
communications  ont  itb  conaacrbas  aux  ravltemonta  at  aux  carbnea  das 
naviraa.  II  y  a  lb  trba  nattamant  una  diffiranca  par  rapport  aux 
congrba  prbcidenta.  On  aaaista,  ja  penaa,  b  una  bvolution  dans  nos 
racharchaa.  D'empiriquas  d'abord  b  l'origina,  alias  tandant  da  plus  an 
plua  b  aa  rattachar  b  das  basas  f ondamantalaa.  Ja  suis  parauadb  qua. 
dana  quatra  ana,  las  progrba  ds  la  racharcha  fondamantala  vont  as 
poursuivra,  aaia  on  asaiatara  bgaleasnt  b  una  progrsssion  daa  applica¬ 
tions  da  la  racharcha  da  bass  dana  daa  domaines  expbrimantaux. 

Ja  souhaita  qua  daa  liana  itroits  s'itablissent  at  s'intsnsifiant 
antra  laborstoiraa  da  divara  pays  pour  promouvoir  una  racharcha 
cooperative  at  ivitsr  las  disparaisns. 

••a 


II  ns  aa  rasta  plus  qu'una  tlcha  trba  agrbable  b  accomplir,  calls 
da  raaarciar  toua  esux  qui  nous  ont  accuaillis  ici. 
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Ja  voudraia*  d  titra  da  Prdeident  du  Coaitd  Intarnational  Peraanent* 
proaotaur  da  ca  Congrda*  Itra  l'interprdte  da  toua  lea  Congraaaiataa 
pour  ramarciar  laa  organiaataura.  11  a'aat  agrdable  da  aoulignar  qua 
l'organiaation  da  co  Congrda  a  did  abaolumant  parfaite.  J'ai  pu 
apprdcier  dana  laa  aallea*  dana  laa  couloira  ou  dana  la  cafeteria*  la 
aatiafactlon  totala  inacrita  aur  laa  viaagaa  daa  particlpanta.  Ca 
Congrda  a  dtd  una  rduaaita  totala.  J'ai  dtd  trda  aanaibla  d  la  gantillaaaa 
daa  organiaataura*  eatta  gantillaaaa  allait  aurtout  aux  Europdana  qui, 
vanua  da  loin*  cortaina  pour  la  praaidra  foia*  pouvaient  aa  trouvar  un 
pau  ddpayada.  Laa  organiaataura  na  lea  ont  jaaaia  laiaada  dana  l'ea- 
barraa.  Mlae  laa  frontidraa  daa  languaa  ont  dtd  aboliaa.  Voua  aver 
accuaillia  voa  ancltrea  auropdana  avac  una  gantillaaaa  at  una  coaprd- 
hanaion  vraiaant  touchanta.  Paraonnallaaant  j'ai  dtd  coabld  car* 
loraque  ja  daaandaia  quoi  qua  ca  aoit*  aon  ddair  dtait  iaaddiataaant 
axaued. 

II  a'aat  iapoaaibla  da  raaarciar  individuallaaant  toua  laa  organ!- 
aateura  at  j'auraia  bian  trap  pau*  d'an  oublior*  auaai  ja  daaanderaia 
d  aaa  aaia  laa  Doctaura  R.  Acker,  J*  da  Palaa  at  W.  Ivaraon  d'ltra  aaa 
interprdtea  auprda  da  toua  caux  qui  laa  ont  aidda.  Ja  farai  paut  Itra 
una  exception*  at  ja  aula  aOr  qua  voua  na  a'an  voudraz  paa*  pour 
raaarciar  Madaae  S.  Torrance  qui  a  dtd  reaponaable  da  toutea  laa 
rdeaptiona  at  qui  avait  organiad  la  banquet  d'hiar  aoir. 

C'aat  done  avac  una  grande  triataeee  qua  noua  allona  noua  quitter 
aaia  catta  adparation  noua  aera  aoina  pdnibla  ear  noua  gardarona  du 
catta  rdunion  un  aouvanir  inoubliable. 

II  na  aa  reata  plua  qu'd  voua  donnar  rendex-voua  au  prochain 
congrda*  la  4dae*  qui  aura  lieu  d  Athdnea*  an  Grdea*  an  1976. 
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Biodegradation,  640 
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Borer  digestion,  778 
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Bryozoa,  88,757,898 
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Calcium  secretion,  806 
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Cathodlc-anodlc  protection,  538 
Cathodic  protection,  103,176,191, 
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Celluloytlc  bacteria,  778 
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Coating  Index,  103 
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Coatings,  lnhlbltlve,  125 
Coatings  for  low  carbon  steel,  158 
Coatings,  metallic,  158 
Cold-water  fouling  growth  form,  865 
Concrete,  215,226 
Concrete,  reinforced,  215,226 
Concrete,  steel  corrosion  In,  215 
Condenser  tube  teat,  313 
Condensers,  322 
Copper,  427 
Copper  alloys,  299 
Copper  casting  alloy,  277 
Copper-nickel  alloys,  241,264,285,410 
Copper-nickel  alloys,  erosion,  285 
Copper-nickel  alloys,  velocity  testing, 
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Copper-nickel  base  quinary  alloy, 
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Copper  tolerance,  719 
Corrosion  fatigue,  462,549 
Corrosion  products,  427 
Corrosion,  oxygen  effects  In,  562 
Corrosion  testing,  578 
Crack  velocity,  514 
Crevice  corrosion,  313 
Critical  surface  tension,  633 
Crosslinking,  653 
Crustecdysone,  744 
Crude  oil  tankers,  191 
Cupro-nlckel  boat  hull,  2 
Current  meters,  48 
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Due  Neck,  Virginia,  103 
d-Bands,  410 
Deep  aaa  corroilon,  $62,378 
Deep  aee  wood  borers,  836 
Deliquescing  ascl,  640 
Depolarising  agent,  61 
Desalination,  331,338,357 
Design  concepts  for  marine 
construction,  234 
Desulfovlbrlo  deiul furl cans.  2,61 
Deslnclflcatlon  of  brasses,  311 
Diatoms,  610,898 
Dissolved  organics,  710 
Drag  reducing  polymers,  14 


Zctocarpus.  39,88,674,682 

Electric  power  Intakes,  757 

Electrochemistry  of  corrosion,  365 

Electrolytic  entlfoullng,  331,964,995 

Electrolysed  see  weter,  964 

Electrophoresis,  710 

ENKOTAL  process,  311 

Enteromorpha.  39,88,674,682 

Enteromorpha  Intestlnalls,  674 

Ensymes,  653 

Eplfauna,  731 

Epoxy  resin  repairs,  226 

Erosion,  285,439 

Exfoliation,  125 

Exoaphaeroma  slats,  814 


Film  forming,  598,610,617,625,633 
Fine-structure,  674 
Fishing  fleet,  fouling  of,  898 
Fouling  comunlty,  906 
Fouling  of  fishing  fleet,  898 
Fouling  forecasting,  865 
Fouling  growth  form,  mid-ocean 
Island,  865 

Fouling  growth  form,  warm  water 
865 

Fouling,  molecular,  710 
Fouling  test  model,  warm  water 
865 

Frictional  resistance,  14,898 


Galvanic  anodes,  176 
Galvanised  steel  reinforcement, 
215 

Gelbstoff,  822 
Germination,  39,640 


Heat  exchangers,  322 

Heat  transfer,  313 

Heating,  Intermittent,  88,357 

Histochemistry,  653 

Hydroblasting,  33 

Hydrolds ,  88,731,757,898 

Hydrolysis,  653 

HTDR0N  (R) ,  14 

Hydrophilic  acrylic  resin,  14 

Hypochlorite,  electrolytic,  995 


lets  sp.  814 
Impingement,  264,313,338 
Impressed  current,  338 
Infrered  spectre,  633 
Intermittent  chlorlnetlon,  357 
Intermittent  heating,  88,357 
Iron  Injection,  322 


Laminar  sublayer,  14 
LaPlata,  Argentina,  930 
Larvae,  822 
Light  metals,  538 
Llgnlcolous  marine  fungi,  640 
Llmnorla  trlounctata.  814 
Localised  corrosion,  365 
Lvrodus  pedlcelletus.  797 


Macromolecular  adsorption,  710 
Macro-roughness,  14 
Marine  borers,  48,778 
Marine  boring  and  fouling  mollusks, 
83,836 

Martesle  striata.  2,842 
Materials  for  marine  construction, 
234 

Mercury  metabolism,  767 
Meroplankton,  731 
Metal  oxides,  427 
Microbial  fouling,  598,610,617, 
625,898 

Mlcrofoullng,  598,898 
Micro-roughness,  14 
Molecular  fouling,  710 
Mollusks,  marine  boring  and  fouling, 
83,836 

Moorings,  549 
Moulting,  744 
Mutation,  719 
Mvtllus.  88 
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Neuroendocrine  regulation,  842 
North  Carolina,  Beaufort,  906 


Oceanic  atalk  barnacles  (Lcpas  «p.). 
88 

Open  sea  fouling  rate,  865 

Preheat la  sp. ,  814 

Organic  photodegradation,  710 

Oxide  films,  499 

Oxygen  concentration,  562 

Oxygen  effects  In  corrosion,  562 


Paints,  antlfoullng,  898,930,956,1005 
Perlphytes ,  598 

Phenylmercurlc  acetate  (PMA),  767 
Plnctada  margltlfera.  880 
Plastic  deformation,  514 
PMA  decomposition,  767 
Polarization  techniques,  103 
Polyanlonlc  carbohydrates,  598 
Population,  719 
Port  Alfred  Harbor,  202 
Power  stations,  757,847,880 
Pre-fracturees,  electrolytlquement,  499 
Pre-fracturees,  eprouvettes,  499 
Pre-fracturees,  mecanlquement,  499 
Preservative  tolerance,  640 
Primary  films,  598,610,617,625,633 
Protective  coatings,  103,578 
Protective  coatl.igs  for  aluminum,  125 
Protective  coating,  underwater,  120 
Proteins,  633,653 


Quinones,  653 


Reference  electrodes,  176 
Reinforced  concrete,  215,226 
Reinforced  concrete  repairs,  226 
Reinforcement,  galvanized  steel,  215 
Repasslvatlon,  514 
Reproductive  anecdysls,  744 
Reproductive  cycle,  842 
Residual  resistance,  14 
Rhlzolds,  39 
Rigid  band  model,  410 


Scale  prevention,  electrolytic,  331 
Scanning  electron  microacopy,  39 
Seasonal  progressl'  ,  906 

Seasonal  succession,  906 
Secondary  production,  731 
Sedentary  organisms,  648 
Selection,  719 

Settlement,  640,648,674,682,757, 
822,930 

Ship  bottom  smoothness,  14,33 
Ship  fouling  algae,  39,719 
Ship  resistance,  14 
Shlpworm,  83,778,797,814,822 
Sorption,  610,617,625 
Spectroscopy,  653 
Speed  effects  In  settling,  757 
Snhaeroma.  814 
Splrorbla  (tubeworm),  88 
Spore  dispersal,  640 
Spore  liberation,  640 
Spore  morphology,  640 
Stalnleaa  steel,  2,528,594 
Stainless  steel  alloys,  2,528 
Steel  corrosion  In  concrete,  215 
Stress  corrosion  cracking,  462,499,514, 
549 

Structure,  fouling,  757,847 
Structures  sous-marlnes,  578 
Substrate  penetration,  39 
Sulfate  reducing  bacteria,  2,61 
Surface  activity,  710 
Surface  charge,  710 
Surface  chemistry,  633 
Surface  preparation,  88 
Surface  roughness,  14 
Surface  roughness,  causes  of,  33 
Surfaces,  38 
Swarmer  settlement,  682 
Svncassldlna  aesteurla.  814 


Teredlndae  control,  83,778 
Teredlnldae  life  history,  83 
Teredlnlds,  83,778 
Teredo.  822 

Teredo  navalls.  797,822 
Test  concepts,  234 
Thlgmotaxls,  674 
Titanium,  2 
Toxic  surfaces,  357 
Tubeworm  (Splrorbts) ,  88 

Tunneling,  797 
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velocity  teatlng,  357 


Warn  water  fouling  growth,  865 

Wars  water  fouling  teat,  865 

Water  cooling  ayaten,  fouling  of,  8 

Water  maaaea,  731 

Water  velocity,  682 

Wood  and  algae  aa  nutrlenta,  814 

Wood  borera,  83,778,797,814,836,842 


Xenoatrobua  aecurla,  880 


Xvlo 


Xylophaga  waahlngtona.  48 


Zinc,  427 
Zooaporea,  39,674 
Zygotea,  39 


